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ABSTRACT

A study has been conducted to determine the importent mechanisms in-
volved in the ignition of fuel vapors issuing from a fuel tank vent
under conditions of atmospheric electrical activity. The study in-
cluded a litersture review and experimental and analytical investiga-
tions of (&) the mixing of the fuel vent effluent with ambient air for
three vent configurations at simulated £light conditions, (b) the elec-
trical environment in the vicinity of an aircraft during lightning ac-
tivity, including measurements of the far field pressures associated
with a high energy discharge, (c) a study of ignition and flame propa-
gation through channels smaller than the normal quenching distance
using high energy spark sources, and (d) a study of simulated lightning
discharges as to their capability of producing flames capable of
propagating through a typical fuel vent with and without & flame ar-

rester.

The various separate programs and final correlating test sequence were
performed. Profiles of constant observed fuel-air ratio were mapped
using simulated vents installed in a wind tunnel. Characteristics of
the electrical environment about an aircraft and the vent exit were
derived from literature sources as well as actual probings. Pressure
measurements associated with a high energy discharge were measured
with pressure transducer and a Schleiren optical system. Flame
propagation through normally quenching channels was studied by in-
stalling electrodes in a channel and supplying discharge energies of
varying magnitudes. Results from these programs were correlated by
installing a vent model in a simple wind tunnel and striking the model
with simulated lightning discharges.



ABSTRACT (Continued

The program, as a whole, pointed to certain general useful findings.
Mapping of fuel-alr mixture profiles near a fuel tank vent exit shows
the flammable eunvelope to be relatively small. The greatest explosion
hazard exlsts when the fuel tank and vent contain a flammable mixture
and the vent outflow velocity 1s low. Pressure studies of high energy
discharges show that, except for discharges directly to the vent

exlt, there is insufficient energy in lightning strike pressure waves
to ignite fuel vapors. Finally, installation of flame arresters de-
creases ignition and propagation hazard under some conditions; how-
ever, the ability of a discharge generated plasma to penetrate the
arrester and ignite a flammable mixture is a major factor in reducing

arrester effectiveness.
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I. INTRODUCTION

The effluent from a fuel tank vent may, under certain conditions, pro-
vide a source of flammable mixture in and around the fuel vent. The
venting of fuel during flight through the atmosphere during periods of
electrical activity such as lightning may, therefore, result in an
explosion hazard due to the existence of a flammable mixture and a
potential ignition source. It is important, therefore, to develop de-
sign principles and operating procedures which minimize the probability
of a fire hazard due to ignition of the effluent from a fuel tank vent
by atmospheric electricity. The work reported herein represents one
phase of the total problem directed toward obtaining a better under-

standing of samne of the basic processes which can lead to a fire hazard.

The obJjective of the investigation was to study the mechanisms of po-
tential alreraft fuel tank vent fires and explosions caused by atmos-
pheric electricity. The work represents a fundamental approach to fill
some of the voids in existing knowledge and was not directed toward
developing specific vent designs. The scope of the study included a
survey of existing scientific and engineering data as a means of
selecting the areas requiring further investigation. The results of
the survey were reported in reference 1. In addition, inquiries were
sent to over forty industrial organizations engaged in the production
of aircraft and aircraft components to determine the status of know-
ledge concerning design principles and basic information related to
fuel tank vent design and location to minimize fire hazards. The
replies to these inquiries indicated that all manufacturers attempted
to design and locate the fuel tank vents to minimize the hazards as-
sociated with lightning but that adequate basic knowledge was lacking.

In particular, little information existed concerning the nature of the



fuel-air mixtures existing near a vent exit, the nature of the electri-
cal environment resulting from atmospheric electrical phenomena, and
the nature of the ignition processes under conditions approximating

actual aircraft operating conditions.

On the basis of previous experience with aircraft fire hazard problems,
the literature survey, and the replies to the inquiries, the scope of

the information was formulated to include:

a. Measurement of the fuel-air mixture profiles near the exit

of representative fuel tank vents;

b. Measurements of the properties of high energy discharges,

including the generation of pressure waves;

c. Measurements of ignition and flame propagation potential of

high energy sparks, including a study of quenching phenomena;

d. Measurement of ignition potential of simulated lightning
strikes as a means of synthesizing the observations obtained in the

previous experiments; and

e. Analytical studies to support the experimental work.

As mentioned previously, the objectives of the program were to obtain
baslc scientific data and not to develop specific fuel tank vent de-
signs. Becsause of the well-defined application of the data, however,
the experimental and analytical work was limited to obtalning answers
to questions pertinent to vent design and were not intended to be com-
prehensive scientific studies. The research program reported here thus
represents an initial effort to fill some of the voids in the knowledge

necessary to minimize the fire hazard associated with fuel tank venting.

The results of this program are presented in three forms. First there
are certain conclusions which may be drawn from information already
published. The work performed under this contract leads to additional



r

conclusions. Finally, overall conclusions leading to vent exit design
were drawn from the literature, results of present contract and the
experiences of the project personnel, including unpublished informea-

tion.

The work was performed Jjointly by personnel from Lockheed-~California
Company, Lightning and Transients Research Institute, and Dymamic

Science Corporation under Jjoint sponsorship of NASA and FAA.



II, DISCUSSION OF THE PROBLEM

Fuel tanks on aircraft are vented to the atmosphere to prevent exces-
sive pressure differences from occurring between the internal and
external surfaces of the tank. As the aircraft changes altitude there
is a flow either out of or into the tank, depending upon whether the
aircraft is ascending or descending or, more exactly, upon whether the
internal pressure is higher or lower than the pressure at the vent out-
let. As & result of this "breathing" process, flammable fuel-air
mixtures may exist within the vent line and tank itself. The occur-
rence of flammable mixtures within the tank-vent system would be
strongly dependent on changes in external ambient pressure and tem-
perature and on fuel volatility. The existence of flammable mixtures
at or near the vent exit will depend on the nature of the vent flow
and the surrounding air flow. A summary of the results of measurements
of fuel-air ratio contours in the vicinity of three typical vent con-
figurations is presented in the section dealing with the combustible

environment.

The existence of a flammeble mixture is, by itself, not a hazardous
situation unless a source of ignition is present and a flame can be
initiated and propagated into the fuel tank. The occurrence of an
electric discharge in the vicinity of a vent exit can occur in several
ways. The most obvious, of course, is a direct lightning strike. A
second mechanism, occurring before and during a lightning strike at
some other point on the aircraft, creates a chaerged condition on the
aircraft's surface. Possible discharges from the vent exit in the form
of a resulting corona or streamer can also represent another mechanism.
A third source of electrical discharge is a lightning strike occurring

at some point and traveling along the skin of the aircraft. If the



path of the discharge includes the vent exit then, as before, a pos-
sible source of ignition exists. The relationship of vent design and
location to the occurrence of a discharge at the vent exit is dis-
cussed in the section on the electrical environment. This section also
describes the status of knowledge with regard to the pressure field
generated by & lightning discharge. The pressure wave associated with
the discharge is important because it may affect the flow in and around
the vent, thus altering the combustible enviromment; it may change
local temperature and pressure conditions affecting ignition proba-
billity and, if sufficiently intense, may itself be a source of ignition.
Unfortunately, as the subsequent discussion points out, a satisfactory
knowledge concerning the pressure wave and other energy forms associa-

ted with a lightning discharge is still not available.

It is evident from the preceding discussion that a source of flammable
mixture and sources of ignition may exist in the vieinity of the vent
exit. The fact that the flammable mixtures and ignition sources exist
only as transients greatly minimizes but does not eliminate the fire
hazard associated with these sources. The likelihood of ignition will
depend on the nature of the combustible mixture, the energy of the dis-
charge, location of the discharge, local amblent conditions, vent
velocity, and free stream velocity. A fairly extensive literature
exists on ignition and quenching phenomena. Most of the scientific
date in the literature, however, were obtained with relatively low
energy discharges, usually near the minimum energy for ignition. A
series of experiments with discharges several orders of magnitude
greater than the minimum ignition energy was performed to determine
whether any unusual effects were present. The section on ignition and

quenching phenomena includes a detailed discussion of these experiments.

The combination of the possibility of having flammeble mixtures near
the vent exit and the existence of electrical discharges during lightning



activity leads to a condition which is potentially hazardous. The
study of the combustible and electrical environment, as well as the
study of ignition and gquenching phenomena, supplies basic background
material for the design of fuel tank vents.



ITI. COMBUSTIBLE ENVIRONMENT

This section of the report is concerned with the factors which affect

the fuel-air mixtures which may exist in and around a vent exit.

A. TFuel Tenk (Effluent Source)

Although the specific objectives of the program reported here did
not include the study of the fuel-air mixtures existing within a fuel
tank, knowledge of the conditions within the tank is desirable for two
principal reasons. First, the nature of the mixture within the tank -
especially near the vent entrance - determines the fuel-air mixture
likely to exist in the vent effluent and, hence, is an important factor
in determining the fuel-air ratio pattern in the vicinity of the vent
exit. Second, the degree of hazard associated with the existence of an
ignition source at the vent exit depends, to a large extent, upon
whether or not a damaging explosion can occur within the fuel tank
itself. Unfortunately, only the homogeneous, equilibrium fuel-air
ratio can be calculated with confidence. As will be shown later, such
homogeneous, equilibrium conditions do not necessarily exist within the
tank. The idealized calculation, however, does serve as a guide to the

average mixture ratio within the tank.

The saturated fuel-air ratio in the tank vapor space can be calcu-
lated from the following equation:
I S S
A Ma Pamb - Pf

fuel-air ratio

where
F/A

=
"

mean molecular weight of fuel wvapor



Pf = absolute vapor pressure of fuel at tank temperature
Ma = molecular weight of air
Pamb= absolute ambient atmospheric pressure

As a first approximation, the change in fuel vapor pressure with
temperature can be obtained from the Clausius-Clapeyron equation (see

standard thermodynemics text):

. Peo AE /T -1
°¢ P = 23R\ T T

f,1 172
where
Pf,2 = fuel vapor pressure at Ié
Pf,l = fuel vapor pressure at Tl
Tl and T2 = absolute fuel temperature
AHv = heat of vaporization of fuel per mole
R = universal gas constant in thermal units

corresponding to AH&

Where data are not available for specific fuels, rough estimates
of AH& can be obtained from Trouton's rule (see standard thermo-

dynemics text):
AH,
_T_V=23
b

where Tb = normal atmospheric boiling point. It is important to point -
out that these relationships are only useful for very rough estimates,
since they apply specifically to pure, single component liquids rather
than to the complex mixtures present in most aircraft fuels. Neverthe-

less, they serve as a useful basis for first, rough estimates.

In order to illustrate the change in fuel-air ratio for two typical

climb paths, Figures 1 and 2 present computed values of the homogeneous,

8



equilibrium fuel-air ratio for two different climb paths and for dif-

ferent assumed tank temperatures.

Figure 1 illustrates the behavior of 115/lh5 aviation gasoline for
the climb path shown at the bottom of the figure, while Figure 2 illus-
trates the behavior of JP-4 fuel for a somewhat different climb path
also shown at the bottom of that figure. The cross-hatched region in

both figures represents the approximate flammable zone for both fuels.

Several important observations can be drawn from a study of the
data. TFor both fuels, low temperature tank conditions may lead to
flammable conditions within the tank, for which it may be concluded
(for fuels of any specified volatility) there is a mean fuel tempera-
ture capable of producing flammable mixtures. The specific temperature
range over which flammable conditions will exist under equilibrium con-
ditions depends, of course, on the temperature-vapor pressure curve for

the specific fuel.

Included in both figures is a curve representing the fuel-air ratio
resulting when the tank temperature is equal to the ambient atmospheric
temperature at the various altitudes. Such conditions would occur after
extended flight at a particular altitude. For 115/1h5 aviation gasoline
a flammable condition is indicated for altitudes above about 13,000 feet
and for JP-U4 altitudes above about 2,000 feet when the tank temperature
and altitude temperature are equal. A sea level ambient temperature of
60°F was assumed for both fuels.

The equilibrium calculations suggest that both fuels produce mix-
ture compositions richer than the flammable range at tank temperature
of the order of 60°F and above. It is not unlikely that fuel tempera-
tures in this range could exist for an aircraft leaving the ground with
full tanks and climbing to altitude in a relatively short time. Several

factors tend to disturb this apparently safe condition, however. As



the fuel cools during flight, the flammable zone is approached and
flammable mixtures mey result in the tank. Another factor also must be
considered for extended flight at a specific altitude. Consumption of
the fuel at a rate sufficiently rapid so that normal evaporation of the
fuel cannot fill the tank volume will result in a flow of air through
the tank vent into the tank. The flow of air into the tank will pro-
duce an interface in which the fuel-air ratio may vary from too rich to
burn to too lean to burn with an intermediate flammable zone. The size
of this flammsble zone will depend on the degree of mixing within the
tank, a factor which cannot be calculated with sufficient accuracy for
practical estimates. Nevertheless, it must be assumed that a flammable
mixture can exist in & portion of the tank under these nonequilibrium
conditions, despite the fact that equilibrium calculations could indi-

cate a mixture richer than the flammability limit.

An equivalent condition can result if the aircraft reduced altitude.
The flow of air into the tank to equalize the pressure within the tank
will similarly produce an interface which contains fuel and air within

the flammeble range as a result of nonequilibrium conditions.

Experimental results exist which confirm the possibility of flam-
mable zones existing within a fuel tank as a conseqguence of nonequili-
brium conditions (Ref. 2). One such experiment (from Ref. 2) is
illustrated in Figure 3, which shows a flight plan in terms of altitude
as a function of time and the measured fuel-air ratios as a function of
time. Again, the approximate flammable zone is shown by & cross-hatched
region. It is evident from an examination of Figure 3 that flammable
mlixtures were observed, although the calculated equilibrium fuel-air

ratlio was always greater than the rich flammability limit.

On the basis of the discussion presented in the previous paragraphs,
it appears realistic to assume that flammable mixtures are present
under conditions where the equilibrium fuel-air ratio is above the rich

flammability limit.

10



In general, it appears that fuels of very low volatility may have
some advantages in terms of fire hazard within the tank. A fuel with a
sufficiently low vapor pressure such that the fuel-air ratio at sea
level ambient temperatures is below the lean flammebility limit would
exhibit a tendency toward richer fuel-air ratios during c¢limb for a
constant tank temperature. Equilibration with the ambient temperature
at altitude would tend to decrease the fuel-air ratio toward, and pos-
8ibly below, the lean limit. Breathing of the tank would tend to mini~-
mize the hazard, since the introduction of additional air would tend to
further reduce the fuel-air ratio in the interface. A complication does
exist which prevents a more conclusive statement concerning fuels of
very low vapor pressure. Sloshing of the fuel within the tanks, as well
as the effects of tank vibrations, could produce a fine mist of fuel
droplets which have been shown to represent a fire hazard (Ref. 3) al-
though the actual fuel vapor-air mixture is below the lean flammability
limit. There is not sufficient information at the present time to as-
sess the role of fuel mists within a tank in terms of fire hazard, and
it was considered beyond the scope of the present investigation to

determine the importance of this factor.

In summary, equations and typical data have been presented for
determining the homogeneocus fuel-air ratios within a fuel tank. On the
basis of the data examined, it is concluded that flammable conditions
can exist within a tank despite the indications from equilibrium calcu-
lations that a fuel-air ratio richer than the flammebility limit should
theoretically exist. Preliminary considerations indicate that fuels of
extremely low volatility mey offer some benefits in terms of explosion
hazard, although the role of fuel mists suspended in air must be deter-

mined before firm coneclusions can be drawn.



B. Fuel Tank Vents

1. Flow Parameters

Two different flow fields are important in the evaluation of
the fuel-air mixture which may exist in and around the fuel tank vent
exit., The first of these is the flow issuing from the vent, which
depends on tank volume, quantity and type of fuel in the tank, fuel
temperature, rate of change of external pressure, vent geometry, and
the ambient altitude. The second flow field of importance is the flow
of air around the vent exit, which depends on the aircraft speed and
the vent location. The nature of the fuel-air mixture at the vent exit
depends on whether the aircraft is ascending or descending. 1In as-
sessing the existence of a hazardous condition, it would appear that
the climb condition is the most serious. It is during climb, while
the external ambient pressure is decreasing, that the fuel tank is dis-
charging fuel vapor or fuel vapor-air mixture. Hence, at this time, a
flammable mixture may exist in or near the vent exit. During descent,
ambient air is flowing into the vent and it is not expected that a
flemmable mixture would exist at the vent exit. The greatest hazard
may exist during a climb or in levelling off after a climb following a
descent. As a result of this combination of maneuvers, air has been
admitted to the tank during descent and a flammable mixture may exist

in the tank and vent lines during the subsequent ascent.

The vent exit flow velocity can be calculated at altitudes be-
low the saturation partial pressure of the fuel by considering the
change in volume of the gases within the vapor space In the tank as a
result of the change in local ambient pressure. The vent exit flow

velocity can be estimated from the following equation:

T RIEE



where

Vv = vent exit flow velocity

Vol = tank vapor volume

A.V = vent exit area

P = tank pressure (assume local ambient pressure)
dP/dh = change of pressure with altitude

r/c = rate of climb

Some typical values of the maximum vent exit velocity to free
stream velocity ratio are shown in Table I for a variety of aircraft
and flight speeds.

The vent mass flow per second is related to vent velocity by

the relation

where
= vent mass flow per second
density, Hq/ RT

= mean molecular weight

2Blo =
I

which results in the equation

- ), @ O )

The last term represents the mean molecular weight.

The velocity ratio vv/vo is illustrated in Figure 4 as a func-
tion of altitude for maximum rate of climb. The curves show the in-
crease in vent rate as the vented volume increases from expansion space
only, to expansion space plus evolution of air from the fuel, to that

of an almgst empty tank. Since the penetration of the vent effluent

13



into the ambient air stream will be greatest for the highest vent
velocities, the altitude variation of "empty tank" vent rates were com-

puted for six representative aircraft. The results are shown in

Figure 5.

The vent exit flow changes abruptly when an altitude is reached
at which the ambient pressure is below the vapor pressure of the fuel
at the bulk fuel temperature. Under these conditions, the fuel boils
and the exit flow increases appreciably. The calculation of vent to
free stream velocity ratio for altitudes above the fuel boiling alti-
tude involves an iteration process using the vent system pressure drop
characteristics and data relating the percent fuel weight loss to
pressure on the fuel surface. Typical tank and vent parameters and the
vent exit velocity ratio as a function of altitude are illustrated in
Figure 6, where the steep rise in Vv/vo is the result of fuel boiling
with 115/145 aviation gasoline. Similar curves for JP-4 are shown in
Figure 7. At the altitudes considered, below 35,000 feet the effect of
fuel boiling does not appear because of the lower vapor pressure of
JP~4. One would expect & similar behavior for JP-L4 as we noted for

115/145 fuel but at considerably higher altitudes.

In this section, equations have been presented for the calcula-
tion of fuel tank vent gas velocity, and some typical data are shown
for a number of different aircraft. In addition, the effect of fuel
bolling on vent gas velocity is illustrated. Vent effluent during a
fuel boiling condition is almost pure fuel vapor and as such is much

too rich to burn.

The velocity of the gases in the fuel tank vent is important in
at least two ways. First, the velocity of the effluent gases will be
shown to be a principal factor in determining the mixing and, therefore,
the local fuel-air ratios near the vent exit. This effect will be

treated in detail in the next section. Second, the velocity of the
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gases within the fuel tank vent can be important in determining whether
or not a flame can propagate against the flow, presupposing that the

mixture is flammable.

ILaminar fleme velocities for hydrocarbon-air mixtures are of
the order of 2 - 4 feet per second (Ref. 3). Turbulence may increase
the speed of flame propagation to the order of 10 -~ 20 feet per second
(Ref.3).* The greatest flash-back hazard will, therefore, exist at
lower vent flow velocities and will decrease as the vent flow velocity
increases. The principal inference to be drawn here is that flash-back
of a flame through the vent, presupposing an ignition source and a
flarmable mixture within the vent, is most likely to occur at low rates
of climb.

2. Experimental Determination of Mixture Profiles

The physical model under investigation in this study involves
the existence of a flammable fuel-air mixture in or around the fuel
tank vent which may be ignited by a lightning strike, streamer or
corona discharge. Previous sections have reviewed some of the existing
knowledge concerning fuel-air ratios and gas flow velocities within the
vent, This section 1s concerned with the mixing processes occurring at
the vent exit which determine loceal fuel-air ratios in the vicinity of
the vent exit for various vent flow conditions and flight speeds. Since
data were not avallable on the mixing of the vent effluent with the
ambient air stream, an experimental program was undertaken to determine
the fuel-air ratios which can exist for various vent flow and flight

speed. parameters.

* The stabilization of flames by flame holders at stream velocities of
several hundred feet per second is not considered here. It is as-
sumed that the vent does not contain sheltered regions which can re-~
sult in this type of flame propagation. The approximate numbers cited

here are for & free flame propagating against the stream velocity much
in the manner of & men rowing a boat against the current. It is fur-
ther assumed that the boundary layer near the wall is too thin to per-
mit a flame to propagate upstream in the boundary layer.
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One of the first tasks in setting up the experimental program
was to determine a minimum number of vent exit configurations in order
to reduce the number of experimental tests required. Inasmuch as vent
configuration and location are strongly dependent on airplane design,
the fuel tank vents used in practice assume many different appeareances
and occur in varied locations for different aircraft. Some typical
vent exit configurations and locations by one manufacturer are illus-
trated in Figure 8. These configurations and locations are by no means
complete but are shown only as representative for a large number of
aircraft. The figures serve as an orientation to the physical situa-

tion which may exist near the fuel vent exit.

A close examination of these and other configurations indicated

that all of them seemed to be variations of three principal types:

8. Flush vent discharging into a boundary layer,
b. Mast discharging into a wake,

c. Mast discharging into a free stream.

These three vent types, shown schematically in Figure 9, were chosen as
the basic configurations for the experimental study of mixing in the

vicinity of a fuel tank vent exit.

A study of the mixing problem indicated that the following
variables would be important in determining the local fuel-air ratios

in the vieinity of a fuel tank vent exit:

a. F/A of vent flow,

b. Vent flow velocity and nature,

¢. Free stream flow velocity and nature,
d. Boundary layer thickness,

e. Distance of point from vent exit,

f. Temperature.

In order to minimize the number of data points required to ob-
tain & fuel-air ratio map, the flush vent configuration was used to
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determine the most important parameters.

3. Apparatus
Mixture profiles at the exit of the three typlcal configurations
shown in Figure 9 were determined by analysis of continuous gas samples
withdrawn, by means of & probe, from the reglon near the fuel tank vent

exit. Details of the probe and analysis set-up are described below.

Probe
A schematic drawing of the probe and its connection to the
gas analysis set-up is shown in Figure 10. The probe was de-
signed to permit sampling within fleme quenching distance (the
order of 0.04 inch) of the model surface. To accomplish this,
the probe was constructed from a hypodermic needle having a
0.05 inch outside diameter. While it was originally believed
that the sample veloclty into the probe should be iso-kinetic
with the gas stream ahead of the probe, repeated tests showed
that the iso-kinetic condition was not required. The use of
the propane as a tracer gas, once the influence of fuel-air
ratio on the mixing process hed been evaluated, eliminated the
need for dilution of the mixture prior to analysis by the hydro-

carbon detector.

Traverse Mechanism

A traverse mechanism having three degrees of freedom and
precise positlion control was constructed to permit positioning
of the gas sampling probe without shutting down the tunnel bet-
ween samples. A photograph of the traverse mechanism is shown
in Figure 11. Movement and read-out of the probe position is
done electrically through the control circuit shown in Figure
12, ILinear potentiometers driven by the traversing screws have
been individually celibrated with respect to the three dimen-
sional position of the probe against a digital potentiometer in
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a null indicating bridge circuit.

The probe attached to the vertical arm of the mechanism
can be remotely re-positioned with respect to an initial pre-
determined starting point with an accuracy of + 0.005" in the
vertical, + 0.010" in the lateral, and * 0.012" in the longi-
tudinal directions through full travel distances of k.9, 10.8,
and 8.8 inches, respectively.

Gas Analyzer
A Perkin-Elmer Model 213B Hydrocarbon Detector (Figure 13)

was used for gas analysis. The instrument uses the principle

of hydrogen flame ionization for the detection of geseous hy-
drocarbons. The test sample is introduced into the instrument
under pressure, metered, mixed with hydrogen, and burned in an
enclosed chamber. Within the chamber a 300 volt D-C potential
exists between the flame Jet and an electrode. Hydrocarbons

in the sample are ionized by the flame, causing a current to
flow which is proportional to the carbon content of the sample
gas. The resulting current is read on a calibrated meter or
recorded externally. Calibration is obtained from known samples

of hydrocarbon-air mixtures.

Wind Tunnel

Two different wind tunnels were used during the investiga-
tion. Both tunnels were operated at a tunnel airspeed of 100
knots. TUnfortunately, it was not possible to measure the tur-
bulence level in elther tunnel. Measurements made in the first
tunnel, including tuft studies to observe the flow, indicated
the presence of some turbulence in the flow. The second tunnel,
in which all of the data presented in this report were taken,
had previously been the subject of & turbulence study. The re-
sults hed indicated a turbulence level below the range of the




hot-wire instrumentation used. Comparison of the data using

the flush vent indicated no major effect due to the differences

in the two tunnels. Nevertheless, in order to assure consis-

tency between the meassured composition profiles, only the

second, low turbulence tunnel data are presented.

4, TInstrumentation Procedures

The following instrumentation and test procedures were used in

obtaining the fuel-ailr mixture profiles reported.

Boundary ILayer Survey

Pressure surveys were taken of boundary layers to deter-

mine the degree of flight article simulation by the test equip-

ment.

Instrumentation

(a)

Manometer bank for static pressure survey.

(b) Pitot tube reading free stream velocity and associa-
ted readout manocmeter.

(¢) Traverse mechanism and position determination equip-
ment.

(d) Total pressure probe and manometer,

Procedure

(a)
()
()
(a)
(e)

Set boundary layer generator position.

Record static pressure survey (if applicable).
Position total pressure probe.

Vary the probe in the vertical direction.

Record total pressure variation from the plate under-
surface to free stream total pressure.

Fuel-Air Mixture Mapping

Instrumentation

(a)
(b)

Six variable area Schutte & Koerting rotameters.

Two Heise bourdon tube pressure gages for measuring
rotameter inlet pressure, O to 200 inches of mercury.
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(c)

Traversing mechanism assembly and associated posi-
tioning equipment,

(d) Small rotameter for indicating vepor sample flow rate,

(e) O to 160 PSI bourdon tube pressure tube sample pump
output pressure,

(£f) Water manometer for measuring air stream total pres-
sures.

(g) Perkin-Elmer hydrocarbon detector (Ref. 1),

Procedure

(a) Switch on and calibrate hydrocarbon detector.

(b) Set boundary layer generator with remote equipment,

(¢) Set air flow on rotameter,

(d) Set propane flow on rotameter,

(e) Activate sample pumping apparatus and set to desired
flow rate,

(f) Position probe in vent exit opening.

(g) Adjust effluyent vapor to & 1% or 10,000 PPM reading
on the hydrocarbon detector.

(h) Position traverse probe in the fore and aft direction,

(1)

(3)
(k)

Set vertical position and traverse laterally. Take
data at five to seven positions, each position re-~
guiring two to four hydrocarbon detector readings.

Move to new fore and aft position and repeat (1).

Upon chenging vent exit veloeity or boundary layer,
repeat items (f) through (3).

5. Results and Discussion

The initial experiments relative to the measurement of mixture

profiles were directed toward the determination of the major parameters

affecting the mixing process.
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Fuel-Air Ratio of Vent Flow

The local fuel-air ratios in the vicinity of a fuel tank

vent exit will, of course, depend on the fuel-air ratio of the

vent effluent. In practice, the fuel-air ratio of the vented



gas can range from pure fuel to pure air. One would expect

- f F
that for turbulent mixing the ratio 7 / A would be

independent of the fuel concentration and, in fact, independent
of the nature of the fuel molecule itself.* These factors
would be important only if molecular diffusion was a signifi-
cant part of the mixing process. The fuel concentration af-
fects the mixing process through the fuel concentration
gradient, while the molecular nature of the fuel molecule af-
fects the diffusion coefficient. In order to determine the
sensitivity of the measured fuel concentrations to the initial
fuel concentrations, a series of tests with the flush mounted
vent was performed. Typical results are shown in Figure 1k(a)
where it is shown that the observed ratio £/(f+a) is a linear

function of the vent ratio (F/(F+A) such that

= constant,

all other variables being constant. On the basis of data ob-
tained for a variety of velocity ratios and at different loca-
tions with respect to the vent exit, it was concluded that
molecular diffusion processes played a minor role in the mixing
of the vent effluent and the ambient air stream. The experi-
mental data can thus be generalized in terms of the ratio

£
f+a

F+A

¥ where f/f+a is the local ratio of fuel to total fuel and air
and F/F+A is the ratio of fuel to total fuel and air in vent.



Temperature Ratio
Examination of a large number of flight conditions showed

that the fuel tank vent effluent often differed from the tem-
perature of the ambient air stream. The study indicated that
the variation of vent effluent temperature, Tv’ to free stream

temperature, To’ varied between the limits

0.75 < v < L5
To

Series of tests were performed to determine if the
temperature ratlio influenced the mixing process. Typical re-
sults are shown in Figure 14(b), where the observed Qeight
fraction of fuel is plotted against Tv/To’ all other variables
held constant. It is seen that in the range of Tv/To from 1.0
to 1.30 this ratio has no effect on the mixing process. Tem-
perature, at least wlthin the range experienced by current
aircraft, was therefore not considered an important variable in

the mixing process and 1s not considered further.

Critical Variables

The preliminary study resulted in the conclusion that the

f/f+a
F/F+A

was dependent on the nature and veloclity of the vent effluent,

ratio

the nature and velocity of the free stream, the vent configura-
tion, and the boundary layer thickness.

Of these variebles the local fuel-air ratios appeared to
be a rather complex function of the vent effluent and free
stream vélocities. Under some conditions, the mixing process
appeared to be independent of boundary layer thickness. Since
an insensitivity to the ratio of boundary layer thickness to
vent diemeter D, could not be demonstrated for all conditions,

variations in 6/D were included in the program for fuel-air




ratio mapping.

Fuel-Air Ratio Maps
In order to determine the nature of the mixing of the fuel

tank vent effluent with the surrounding air stream, gas samples
were analyzed. The data are presented for three configurations
(&) Flush vent discharging into a boundary layer,
(b) Mast discharging into a wake,

(¢) Mast discharging into a free stream,

illustrated schematically in Figure 9. The results are pre-
sented as contours for given values of the ratio
£/(f+a) / F/(F+A) for different values of the velocity ratio
VV/Vo and boundary layer thickness ratio (where applicable)
8/D in Figures 15, 16, and 17,
where: § 1ls the boundary layer thickness and

D is the vent line diameter.

The choice of the ratio of vent flow velocity to alr
stream velocity as the velocity parameter was made for con-
venience. The mixing of two streams is often more closely
related to the velocity difference Vo - Vv' The two quanti-

ties are easily related since

vo-v, o=v, (1-)y
VO

Since many of the experiments were performed as a constant
yalue of Vo’ the velocity difference is thus proportional to

one minus the velocity ratio.

(a) Flush Vent Discharging Into a Boundary Layer

Examination of the contours for a flush vent dis-
charging into a boundary layer (Fig. 15 (a) through (Jj)), shows
two features of the mixing process immediately. First, the di-

lution of the vent effluent in a direction normal to the surface
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containing the vent exit is extremely rapid. The fuel-air ratio
falls to about 2% of the value in the vent in a vertical dis-
tance of the order of a vent diameter. As one would expect, the
penetration of the vent effluent (in a direction normal to the
surface containing the vent exit) increases with increasing
values of VV/VO. The presence of a surface, however, tends to
maintain fairly high values of the ratio £/(f+a) / F/(F+A) near
the surface and downstream of the vent exit.

Consider the significance of the contours in terms of
the flammability problem. The flammable range for typical hy-
drocarbon fuels ranges from values of F/(F+A) of .025 to about
0.25. If it is assumed that a hazard requires the existence of
a flammable mixture within the vent line itself, then the most
severe mixing problem (most difficult air dilution) exists for
the fuel rich mixtures. Even for such mixtures the flammable
zone is relatively small. Nevertheless, an electrical dis-
charge within the flammable envelope could cause ignition and
possibly propagation of a flame into the vent. Whether or not
propagetion of flame into the vent could occur would depend on
the flow veloclty in the vent line. The greatest hazard exists
for low vent velocities since, under these conditions, the
greatest probability exists that a flame can flash back through
the vent line into the tank.

(b) Vent Discharging Into a Wake

The second configuration investigated consisted of a

vent discharging into a wake. The measured mixture profiles
are presented in Figure 16. Comparison of the results with
this configuration and the flush mounted vent shows that the
gbsence of the surface reduces the mixing zone, but that the
general observations of a relatively small mixing region

elongated in the direction of flow is stlll applicable.



(c) Vent Discharging Into a Free Streem

The meaximum mixing efficiency and, therefore, the
greatest dilution potential exists for the configuration in
which the vent exit is located in the free stream. A mixture
profile for this configuration i1s shown in Figure 17. Exami-
nation of the profile shows a greatly reduced mixing zone com-~
pared to the two previous configurations. Nevertheless, the
possibility of flammable mixtures still exists in the immediate
viecinity of the vent exit. A lightning strike at the vent, or
a discharge originating from the vent, could still pass through

a flammable mixture and cause ignition.

6. Summary of Mixing Study

Mixture profiles have been determined experimentally for three
vent configurations. The largest mixing zone was found for the flush
mounted vent, and the smallest mixing zone for a vent discharging into
a free stream. For all vent configurations the possibility of the
existence of a flammable mixture near the vent exit is shown, despite
the major changes in the air flow pattern near the vent exit. It ap-
pears, therefore, dilution of the vent effluent by the improvement of
the mixing processes cannot be depended upon as a method of eliminating

the existence of flammable mixtures near the vent exit.

C. Conclusions

1. Fuel Tank (Effluent Source)
() Flammeble conditions may exist within a fuel tank con-
trary to equilibrium calculations.
(b) Preliminary considerations indicate fuels of extremely low
volatility may offer benefits in terms of reduced explosion hazard (al-
though the role of fuel mists suspended in air must be determined before

firm conclusions may be drawn).
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2, Fuel Tank Vents
(a) Flash-back of a flame through the vent, presupposing an

ignition source and a flammable mixture within the vent, is most likely
to occur at low rates of climb (low effluent velocity).

(b) It was determined practically all vent exits on current
ajrcraft fall into three types:

(1) A flush vent discharging into a boundary layer,
(2) A mast discharging into a wake, and
(3) A mast discharging into a free stream.

(c) Iso-kinetic gas stream sampling with a small probe in the
order of 0.05 inch diameter 1s unnecessary as the probe does not sig-
nificantly disturb the streamlines.

(d) Observed fuel-air ratio, at any point in the fuel-air
ratio envelope, is a linear function of the vent fuel-air ratio. Also,
molecular diffusion processes are insignificant in the mixing of the
vent effluent and ambient air stream.

(e) The temperature ratio between the vent effluent and the
free stream, in the range experienced by current aircraft, has no ef-
fect upon the mixing process.

(f) From conclusion (d), the use of a tracer gas in the ef-
fluent to determine the mixing envelope of a low speed gas Jet dis-
charging into -a high speed gas flow is valid.

(g) A vent discharging into a free stream exhibits the

greatest dilution or smallest mixXing zone.
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IV. ELECTRICAL ENVIRONMENT

A. TIntroduction

The thunderstorm electrical environment eabout an aircraft in flight
conslsts of charge areas with associated intense electric fields which
are varying according to the random charge redistributions taking place
in the form of slow charge and rapid discharge of cloud areas. The en-
vironmental factors presenting possible hazards to aircraft from these
charge regions and associated flelds are the induced streamer currents
from the intense electric flelds, the high temperatures, energies and
blast waves from the high current lightning discharges and the metal
burning or spark showers from the heavy charge transfers. Studies have
been undertaken in this NASA/FAA sponsored program on "Mechanisms of
Potential Aireraft Fuel Vent Fires by Atmospheric Electricity" to deter-~
mine the specific mechanisms by which these environmental factors may

present a possible hazard to aircraft fuel vents.

The characteristics of natural lightning discharges to ground have
been studled over a period of many years by the electrical power trans-
mission industry. The studies have been extended by ILightning &
Transients Research Institute (ITRI) over the past fifteen years to
aircraft and the cloud-to-cloud type discharges they frequently en-
counter by means of flight research programs and analysis of flight
damaged aircraft parts or the airline reports. It has been found that
the standard test wave shapes and megnitudes used in the electrical
povwer industry are completely lnadequate to reproduce the demage com-
monly encountered on aircraft and special high current, high energy

faciiities have, therefore, been set up to reproduce this more severe
damage.
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B. Artificial Iightning Discharge Facilities Used
In Tests of Aircraft Fuel Vents

A lightning discharge may be described by the typical effects pro-
duced by its various components, the intense electric fields and
streamering produced by the high voltages, the magnetic forces of the
high currents, the heating and blast effects of the high energy inter-
mediate currents, and the metal erosion of the long duration lower cur-
rents which continue for periocds up to one second following the short
duration high energy components. Examples of these effects are shown
in the photographs of Figures 18, 19, 20, and 21 illustrating aircraft
components damaged in flight. Analysis of the damaged parts permits an
estimate of the natural lightning discharge component magnitudes for
establishing artificial lightning generation facilities.

These effects have been reproduced in the laboratory by a group of
four artificial lightning generators used separately or connected to-
gether in such a way as to give a composite single discharge representa-
tive of a single, severe natural lightning stroke. A diagram showing
the generator circuits, output wave forms, and coupling circults used
for firing the various components as & single discharge is presented in

Figure 22. Oscillograms of the output currents are shown in Figure 23.

The circuit constants of the laboratory generators and the output
currents, energies and charge transfers of laboratory apparatus utili-
zed in the evaluation program are presented in Table ITI. The first

generator (Figure 22) was not utilized in the evaluation program.

For the studies of streamering off simulated fuel vents, the high
voltage generator was used at levels of about two and one-half million
volts, the maximum voltage which the electrode-fo-vent spacing would
support without flashover. This duplicates the electric fields found
in flight which, though involving greater potentlals over greater dis-
tances, camnot exceed the critical sparkover gradient without a discharge

taking place.
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For the studies of possible flame propagation through fuel vents or
flame arresters in the evaluation program, the high and intermediate
current components were used to produce the severe blast effects of
natural lightning (Table II). The long duration, low current com-
ponent was used to burn the vent outlet or flame arrester severely
enough to present an ignition source of relatively long time duration

to the fuel wvapor outflow.

C. Lightning Induced Electrical Discharge Streamers
at Fuel System Vents

A lightning stroke approaching an aircraft moves in discrete steps
known as step leaders. The thunderstorm structure and step leader de-
velopment are illustrated in Figures 24(a) and 24(b), based on the
early work of Simpson and Scrase (Ref. 4) and Schonland (Ref. 5)
selected from the extensive literature on this subject. The
potential at the tip of the step leader of the advancing stroke pro-
duces an intense electric field on the aircraft and induces corona
streamer currents off extremities. The approaching stroke contacts
one of the aircraft streamers to form the final step leader path to the
aircraft. The stroke then passes on through the alrcraft to another
cloud charge region or to ground. This is illustrated in Figure 24(c).
It may easily be shown that so-called "static discharges" which imply
stored charge emanating from the aircraft, cannot possibly have the
energies required to produce the severe damage frequently reported on

aircraft, because of the relatively small electrical capacity of the

aircraft.

When an aircraft is contacted by a lightning discharge channel, its
potential may be raised to the order of 10~ volts in less than a micro-
second. At this potential; streamers may be generated from almost any
point on the aircraft, including fuel vent locations even in relatively

shielded regions. This is illustrated in Figure 25 showing streamers
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off a model aircraft raised to a potential of two million volts.

The step-by-step sequence of a lightning stroke approach to en air-
craft in flight is illustrated in Figure 26, as determined from an
electrolytic tank plot about & model aircraft. Measurements of poten-
tial and gradient about an aircraft model in a conducting electrolyte
are directly analogous to the free space potentials and gradients about
the aircraft in flight. As shown in Figure 9, the potential of the air-
eraft remains nearly constant until just before the stroke contacts
the aircraft, at which time it rises abruptly to the stroke potential.
Thus the aircraft suddenly rises in potential to about 108 volts, pro-
ducing potential gradients about the vent outlets such as those shown
in Figure 27. The equipotential lines are given in percent of aircraft

voltage.

A study under a USAF research program (Ref. 6) of the actual air-
craft potentials required to produce critical gradients for various
vent locations and types has indicated that there are sufficient dif-
ferences in gradients between vent locations and types that proper
vent location and design can reduce the probability of streamering and

direct lightning discharges significantly.

The streamer current magnitudes have been studied in the laboratory
(Ref. T) for a simple cylindrical vent geometry, as illustrated in
Figure 28. The ITRI artificial lightning impulse generator was used at
two and one-half million volts to produce an impulse field a&bout a

simple cylindrical simulated vent tube about 4 inches in diesmeter.

D. Direct Lightning Strikes to Fuel Vent Qutlets

The investigation of ignition from lightning strikes to fuel vent
outlets was planned with anticipation that the following mechanisms

might represent potential ignition sources from the high arc temperature,
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compression ignition of fuel vapors from the strong shock waves near

the stroke, spark shower production by arc burning of the vent outlet
with subsequent spark entry through the vent tube into flammable
regions, and internal vent tube sparking of high resistance or intermit-
tent paths from the high stroke currents. For strokes directly to the
vent outlet, the discharge channel energy (100 Joules/cm of arc length)
exceeds by many orders of magnitude the energy required for fuel vapor
ignition (0.001 Joules).

Poorly bonded vent outlets can channel stroke currents toward the
fuel tank, where & high resistance Joint can produce internal sparking.
This can be prevented by assuring that the vent outlet is bonded to the
skin with a resistance of the order of a few milliohms or, preferably,
& few hundred micro-ohms. In view of these mechanisms which have not
all been thoroughly evaluated, the importance of avoiding direct
strikes, for the present, to fuel vent outlets wherever possible can

hardly be overemphasized.

E. Interim Considerations for Minimizing Fuel Vent
Hazards From the Electrical Environment

There are some interim electrical protection concepts which can be
applied to specific aircraft as evolved in current interim lightning
protection research programs at LTRI under industry support. Model
studies have been carried out by LTRI on different types of current
aircraft, and extensive flight damage reports are avallable to give a
fairly complete picture of the points at which lightning strikes can
be most often expected. Based on this data, some conclusions can be
drawn regarding optimum fuel vent locations from the point of view both
of streamers and direct or swept lightning strokes. Vents located near
aircraft extremities are most vulnerable to direct lightning strikes,
shock wave effects, and streamering. The preferable locations are in

low electrical gradient areas with large radii of curvature, such as
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the under surface of the wing.

As most strikes to forward sections of an aircraft are swept to
the rear, vents should preferably not be located Behind sharp, high
gradient points such as propellers or Jjet pods. Strikes to the alr-
craft nose are common and, as these strikes are nearly always swept
back along the fuselage, vent locations should preferably be located
with respect to the least likely paths for lightning strokes to be
swept along the fuselage. One favorable vent location is midway bet-
ween the wingtip and the outboard propeller tip or jet pod in the flat

area of the wing.

Because of the tremendous potentials involved, the use of insula-
tion or limiting resistances to prevent or limit the streamer currents
and energies from vents is not very practical. For example, standard
insulated aircraft antenna wire, WS 25/U, with a dielectrilc strength
of one-quarter to one-third of a milllion volts is easily and frequently
punctured in thunderstorm areas, one of the reasons for its coming into
disuse. Also, unprotected aircraft radomes are minutely punctured
during thunderstorm conditions, sometimes even by friction charging of
the surface without direct lightning strikes. Once punctured, the
thunderstorm induced discharge energies are channeled through the
puncture to provide a streamer. The puncture discharge current acts to
some extent as a small lightning rod to locally attract or divert
lightning dischaerges. An illustration of streamering from a plastic
vent is shown in Figure 29. The importance of gradient control as
a primery method of fuel vent protection is pointed up by an illustra-
tion of an effect often observed on tops of flag poles. A lightning
strike to a flag pole often does not strike the top of the round ball
used at the tip, but passes around the ball to the pole which has a
higher gradient by virtue of its smaller radius. Extensive pitting on
the pole, with no pitting on top of the ball, is often observed. This




analogy can be extended to an aircraft wing tip. With a typically
well rounded, smooth tip and a sharp vent outlet slightly inboard, a
stroke may be expected to pass around the tip to the vent outlet. The
conclusion drawn is that once any part of the aircraft reaches the
ionization threshold, the large thunderstorm potentials will heavily
feed the resultant discharge and that the threshold potential for each

vent type and location is therefore the most significant information in

relation to the degree of hazard from the electrical standpoint.

Among the possibilities which have been considered for reducing the
hazard of direct lightning strokes to a fuel vent outlet are the use of
gradient reducing rings which help to prevent streamering from taking
place directly off the vent outlet. The purpose of the gradient ring
is to remove any possible streamering or lightning strokes at least a
few inches away from the vent outlet. This is illustrated in the dia-
gram and photograph of Figure 30.

The use of a series of parallel tubes in a vent outlet had been
suggested earlier (Ref. 8) for the purpose of withstanding direct arc
burning, with possible flame arrester application illustrated in
Figure 31. They suffer from the disadvantage that they do not prevent
spark shower entrance into the vent interior. Considered for preven-
tion of spark shower entrance into the vent outlet is the use of a
baffle system also illustrated in Figure 31. A sequence of baffles
act as particle traps such that the particles are blocked from entering
the vent outlet while the air fuel vapors may flow unimpeded. It
should be emphasized that in each of these systems there exists a great
many critical factors such as the bonding to the vent surfaces, the
internal current paths, cross sectional requirements, the melting tem-
peratures of the material involved, etc. so that individual high cur-
rent tests are an absolute necessity for any device of this nature

which is intended to withstand direct strokes. 1In addition, it should
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be emphasized that even though adequate prototype designs may be
evolved, the test of production systems are also absolutely necessary
in view of the repeated experience in which slight production changes
have resulted in complete failure of the system to withstand natural
lightning discharge current megnitudes. It should also be emphasized
that these vent outlet concepts have been proposed in terms of pro-
tection from the direct high energy electrical environment and would
have to be thoroughly checked for use on aircraft in regard to icing,
fuel trappage, etc., as well as for their effectiveness in inhibiting

flame or spark passage into a vent tube.

One additional technique for keeping natural lightning discharges
away from fuel vents located near obvious strike points is the use of
resistive diverter rods. Where a fuel vent could itself be struck by
lightning, diverter rods would certainly tend to reduce posslble
hazards by moving the nearest point of discharge and assoclated pres-
sure peak at least a foot away, which as shown in the report section
of blast pressure, reduces the blast pressures greatly. A hypothetical
application of diverter protection is illustrated in Figure 32.

F. Concluding Discussion

Potential hazards to alrcraft fuel vents from the thunderstorm
electrical environment include induced streamer currents from the in-
tense electric fields, high temperatures, energies and pressures from
the lightning stroke currents, and metal burning and sparking from the
heavy stroke charge transfers as determined over a period of years by
analysis of flight damaged aircraft parts and by flight research pro-
grams (Refs. 9 and 10)., The studies of the environment indicate that
because of the several possible ignition mechanisms with large energies,
it is still most lmportant to avoid direct strikes to the vent outlet
whenever possible. The relative gradient for each vent type and loca-

tion is the most significant information in relation to the probability
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of direct lightning strikes as well as induced streamering. Once any
point on the aircraft reaches the ionization threshold, the large
thunderstorm potentials will heavily feed the resultant discharge.
Thus, from the purely electrical steandpoint, keeplng direct strikes
awvay from the vent outlet is more important whether by vent shaping

or location or by lightning diverter rod techniques.

Another important factor determining the probability of direct
strikes to & vent outlet is the relative motion of the aircraft with
respect to the nearly stationary lonized stroke channel. Although it
is known that strokes always move to the rear of an aircraft following
the air flow pattern, more information on the sweeping mechanisms is
badly needed.

The studies to date have reduced the region of uncertainty from a
distance of possibly 20 feet to a region about two feet from the
ionized channel, but insufficient information has been obtained to date
to permit any final conclusions as to ignition hazards in the near zone.
Additional laboratory investigations of fuel vapor lgnition near the
channel are suggested.

G. Conclusions

1, The probability of direct strikes and corona type discharges
in the vicinity of a vent exit is influenced by vent exit zonfiguration.
2. Poorly bonded vent outlets or inserted flame arresters can
channel stroke currents such that internal sparking may result.

3. Studies indicate ignition is not possible at distances beyond
two feet from the lonized channel; at distances less than two feet in-
sufficient information exists to define the probability of ignition.
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V. LIGHTNING INDUCED PRESSURE WAVES

A. TIntroduction
The question has been raised as to the possible hazard from com-

pression ignition of aircraft fuel vapors by blast pressure waves from
natural lightning discharges to or near aircraft fuel vents. In a re-
cent Russian paper (Ref. 11) blast pressure waves from natural light-
ning discharges have been calculated from & special analysis of the
lightning channel. The calculations show pressures of the order of one
hundred atmospheres near the lightning channel corresponding to tem-
peratures of about five thousand degrees F, and this would suggest a
strong possibility of pressure wave ignition of fuel vapors. An ex-
perimental investigation has been undertaken to measure pressure waves
from high energy artificial lightning discharges, and it has been ex-
tended with measurements of triggered natural lightning discharge
channels using the LTRI research schooner in thunderstorms off the

coast of Florida.

B. Natural Lightning Discharge Characteristics

Studies of natural lightning discharges have indicated that cloud-
to-ground discharges have the greatest current crests and current rates
of rise while cloud-to-cloud lightning discharges, although often con-
taining greater charge transfers, are generally characterized by much
lower current rates of rise, often with little or no associated blast
wave. Artificial lightning discharge current components representing
the several major types of natural discharges have all been used in
this series of pressure wave studies, but probably of most significance
are the high current and high energy components which produce the maxi-
mum blast pressures. Current crests of 100,000 amperes with charge
transfers of nearly two hundred coulombs have been used in the experi-

ments, and these represent severe but not the most severe natural
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lightning discharge.

C. laboratory Studies

Piezo electric blast transducers were used in initial phases of the

laboratory studies, with final confirmastion of propagation velocities
using Schleiren photography. An illustration of the test arrangement
for the piezo blast gage measurements is shown in Figure 33, along
with oscillograms of the blast pressure and discharge current. Dis-
charge lengths of one to four feet were used to produce a cylindrical
wave geometry near the arc such as would be found near a natural
lightning discharge channel. The plezo transducer had a rise time of
approximately 10 microseconds, as illustrated in Figure 34, showing
measurements at 12 and 48 inches from the arc. The 1O-microsecond
response delay during the piezo voltage rise corresponded to a wave

movement of 0.13 inches or an error of only about 1% at 12 inches.

Oscillograms of pressure waves from an arc four feet long
(Figure 33), produced by 100,000 ampere discharges (100 joule/cm arc
length) triggered by a 0.008 inch copper wire are shown in Figures 35
and 36, along with graphs of the distance vs. time and pressure vs.
distance. The graph of distance vs. time indicates a purely sonic
wave except for distances closer than one foot which were not checked
because of possible flashover to the blast probe. The graphs of pres-
sure vs. distance show the experimental polnts superimposed on an in-
verse first power curve, and the correlation indicates that the wave
fronts correspond to & cylindrical sonic pressure wave (cylindrical,
pal/r) out to a distance equal to the arc length of about four feet.
Beyond this distance the pressure falls off more rapidly as it corres-
ponds more to & spherical wave (spherical, p l/re). The transitions
between spherical and cylindrical waves are illustrated in the next
section on analysis of laboratory measurements. Vaporization of the

trigger wire used in some of the measurements raises the shoek pressure
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somewhat. Calculations of Rouse (Ref. 12) have shown that an increase
of 40 to 80% in energy input into an arc is required to equal the peak
pressures produced by vaporizing a fine wire. The measurements using
trigger wires are thus conservative; ailr discharges such as natural

lightning would produce lower pressures for & given energy input with-

out the wire vapor pressure.

Oscillograms of pressure waves from & lower energy, 6 joule, air
discharge with no trigger wire are shown in Figure 37, and again the
velocity is found to be sonic and the pressure rise much less than one
atmosphere at even three inches from the arc. For final confirmetion
of wave front velocities and a check of the blast gage, Schleiren pho-
tographs were teken. An electronic flash tube was used as a light
source and was fired at pre-determined time delays after the arc dis-
charge occurred., Oscillograms of a timing wave with the flash lamp
output superimposed were recorded with each Schleiren photograph to
assure accurate measurement of the travel time of the shock front. The
test arrangement is shown in Figure 38 and the Schleiren photographs in
Figure 39(a). A photograph relating the blast gage measurements to the
Schleiren measurements is shown in Figure 39(b). The graph of distance
vs. time is shown in Figure 39(c) and, as may be seen, there is good

correspondence between the blast gage and Schleiren measurements.

D. Analysis of Iaboratory Measurements

The blast oscillograms and Schleiren studies have shown that for
regions beyond five to ten centimeters from the arc, the blast waves
travel with the speed of sound and do not, therefore, constitute strong
shock waves. To study the regions of strong shock which must exist
near the arc and to estimate their extent, calculations have been made
based on Taylor's analysis (Ref. 13) of intense spherical shock from
nuclear bursts extended to a cylindrical geometry by S. C. Lin (Ref.1l).
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In this solution, it is assumed that a finite amount of energy per
unit length is instantaneously released along an infinite straight line
in the atmosphere. The pressure, velocity, and temperature distribu-
tion may be then calculated according to a set of similarity assumptions
consistent with the fluid dynamic equations and strong shock condi-
tions. A perfect gas of constant heat capacity is assumed, and heat
transfer by radiation and conduction is neglected. Because of the
strong shock conditions the analysis is not valid when the shock pres-
sure ratio decays to less than 10 nor when the pressure ratio becomes

so high that dissociation and ionization become significant.

When the shock strength decays below 10, the wave degenerates into
an acoustic wave. The pressure decay of the acoustic wave depends on
the geometry; for a plane wave the pressure wave propagates undimini-
shed (ignoring viscous attenuation), for a cylindrical wave the pres-
sure reduces as 1l/r, for a spherical geometry as 1/r2. The pressure
reductions correspond to the variations in surface area of a cylinder
and sphere as a function of radius. For laboratory studies with short
arcs, there exists a cylindrical region out to about one arc length
which is directly analagous to the cylindrical gecmetry of a long
natural lightning discharge. Beyond this distance of one arc length
for the laboratory discharge, & transition to a spherical wave occurs.
This is 1llustrated in Figure 40. Thus, in laboratory studies the
transition between strong shocks and acoustic waves and between cylind-
rical and spherical regions must be recognized in any attempted correla-

tion of measurements with calculatioms.

The results of the strong shock calculations are presented in
Figures 41, 42, 43, and 4k showing distance vs. time, and temperature,
velocity, and pressure vs. distance. The curves show the calculated
regions of strong shock and are extrapolated as a cylindrical sonic
wave from the region where the strong shock assumption is no longer

valid; i.e., where the pressure ratio drops well below 10, the region
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where the blast gage and Schleiren studles have shown the pressure wave
to be sonic. For comparison, the experimental values are also shown.
The curves show & regilon of uncertainty out to about 5 or 10 cm, beyond
which they indicate a pressure of only a few atmospheres and a tempera-
ture ratio below two. These theoretical and experimental investigations
with severe artificial lightning discharges thus do not indicate high

pressures at distances greater than five to ten cm.from the arc.

The experimental studies do not preclude, however, the possibility
of & strong blast wave from a lightning discharge directly into a vent
outlet being propagated nearly undiminished into a fuel tank, as the
strong shock calculations based on the studies of Tsylor, Rouse, Line,
ete. (which have been partially confirmed experimentally) do indicate

high pressure ratios within a few centimeters of the arc channel.

The theoretical calculations have been based on an assumed instan-
taneous release of energy, whereas finite current and energy rates must
exist in all real discharges. The shock wave magnitudes are related to
the current and current rates of rise as well as the energy and, al-
though & completely satisfactory theoretical relationship has not yet
been obtained to our knowledge, the current and current rate of rise of
100,000 amperes and 30,000 amperes/microsecond represent a severe
lightning stroke exceeded by only a small percentage of all natural
lightning discharges, as shown by LTRI flight studies and by electrical
transmission equipment manufacturers' studies of strikes to transmis-
sion lines (Ref. 15).

E. Blast Waves From A Natural Lightning Discharge

For verification of laboratory measurements, plezo electric trans-
ducers were installed on the LTRI schooner deck to permit measurements
of blest waves from triggered naturel lightning discharges. Blast
gages were located on the schooner deck at distances of 15 and 45 feet

from an expected point of lightning stroke contaect. Wire carrying
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rockets were fired into the thunderstorms just prior to the time that

a natural lightning discharge would be expected to take place, as indi-
cated by the peaks shown on an electric field monitoring device located
aboard the ship. A dlagram of the rocket platform located on the stern
of the ship and of the blast gage locations is presented in Figure 45,
The rocket carried a fine stainless steel wire, 0.008 inch in diameter,
to approximately 600 feet, a distance Jjust sufficient to trigger a
lightning stroke. A lightning stroke to the wire was carried down to
the insulated pletform which was equipped with current meaéuring shunts
for monitoring the lightning stroke current and wave shape. The blast
information recorded from natural lightning discharges was correlated
with the current magnitudes and channel characteristics being studied

under an Air Force Cambridge Research Center program.

The pressure wave oscillograms and the associated current wave os-
cillograms are presented in Figures 46(a) and (b). The oscillograms
show pressures of the order of l/lO of a psi at a distance of 15 feet
from the stroke.* The peak current magnitude of the lightning stroke
was approximately 30,000 amperes, as shown in Figure 46(b), and rose
to crest in approximately two microseconds. The separation between the
peak pressure on the lower trace and on the upper trace is approxi-
mately 22 milliseconds, corresponding to the time required for a sonic

wave to travel between the two pressure heads.

A high voltage generator aboard the ship was used to produce an
artificial discharge to the rocket platform for calibration purposes.

The blast oscilllogram and corresponding current wave for the artificial

* Unless noted otherwise, discussions refer to gage pressure
rather than absolute pressure; i.e., units from local at-
mospheric ambient pressure.
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lightning discharge are presented in Figures 47(a) and (b). As may be
seen in Figure 47(a), the time delay to the first pulse was about 13
milliseconds, and the time separation of the crests for the upper and
lower wave again correspond to approximately 22 milliseconds, the time
required for a sonic wave to travel between the two heads. The arti-
ficlal lightning discharge produced by the ship's generator reached a
crest of 30,000 amperes, but the current rate of rise was lower, as
indicated in the oscillogram of Figure 4T7(b). A graph of the pres-
sures (psi gage) plotted against distance is presented in Figure 48
along with the experimental pressures measured in the laboratory and
with inverse linear and inverse square curves for comparison. It may
be seen that extrapolation backward of a l/r pressure curve from the
measurement of the natural lightning discharge to a distance of approxi-
mately one foot indicates a pressure of about two psi comparable to the

leboratory pressure measurements.

F. Reduction of Blast Pressure Waves by Flame Arrester Screens

To determine the effect of screens such as might be used in flame
arresters in reducing the pressure wave magnitudes, a cylindrical tube
with & replaceable end was placed over the piezo electric blast trans-
ducer, and 100 joule per centimeter arc discharges were fired in front
of the tube with screens placed over the tube end. These included a
solld cover, & coarse screen, & fine screen and, finally, no cover.

As shown in Figure h9, even with the fine mesh screens almost no dis-
cernible reduction in pressure was noted at the levels measured. The
measurements with the end of the tube completely covered showed very
low pressure, indicating that the measurements with the arrester
screens were not merely the result of the compression of the tube from
the passing pressure wave. The conclusion drawn from the tests is

that flame arresters do not reduce blast pressure waves significantly.
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G. Concluding Discussion

These investigations of blast waves from lightning discharge cur-
rents have indicated pressure and temperature ratios of less than two
in regions beyond one foot from the arc, using arc discharges which
represented severe, but not the most severe, natural lightning dis-
charges. The laboratory measurement techniques were confirmed by
measurements of blast waves from triggered natural lightning discharges

to the ITRI research vessel.

A pressure ratio of two corresponds to an adiabatic temperature
rise of less than 1000°F. As shown by Stout and Jones (Ref. 14), tem-
peratures of the order of 2500 to 35000F had to be applied for a period
of over 40 milliseconds to produce ignition of methane air and hydrogen

air mixtures by hot wires. Thus the studies indicate that the shock

front peak pressures and corresponding temperatures from a natural

lightning discharge are not sufficient to produce direct pressure ig-
nition one foot or farther from the unrestricted channel. It should be
noted that within a few miliimeters of the arc, the blast pressures are
probably very high and that a strike directly to the fuel vent ocutlet
could conceivably drive a high pressure wave through a dry vent cutlet
nearly undiminished into a fuel tank to produce ignition. Thus the
importance of avoiding direct strikes to fuel vent outlets can hardly
be overemphasized, both from the standpoint of direct ignition of
flammable fuel vapors and blast wave propagation through dry vent tubes
into fuel tank areas.

Anothgr important aspect of blast waves is their possible effect in
forcing flame fronts through flame arresters. This is discussed in the
wind tunnel studies of lightning discharges to fuel vents in another
section of this report. An important related question, and one sug-
gested for future study, is the question of fuel vapor ignition in the
arc-blast transition region out to one foot from the discharge channel.
This could be approached from both directions, are ignition of fuel
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vapors by high voltage discharges with greater ionization extent and
less blast (lower currents), and shock tube studies of fuel vapor
ignition by blast waves. Also suggested for future study is the pos-
sible effect of water vaporization in raising the blast pressure magni-
tudes, an effect which has recently been suspected in some serious

alrcraft lightning damsge reports.

H. Conclusions

l. For regions beyond 5 to 10 centimeters from a discharge arc
the blast wave apparently travels at the speed of sound, which does not

constitute a strong shock wave.

2, Screens placed in the path of a shock wave do not significantly

reduce blast pressure waves.



VI. IGNITION AND QUENCHING

A. Introduction

The study of fuel-air mixture profiles in the vicinity of a fuel
tank vent exit has i1llustrated that a flammable mixture can exist in
the vicinity of the vent exit, if a flammable mixture exists in the
vent itself. It has also been shown previously, as well as in the
study reported here, that sufficlent energy exists in streamers and
corona discharges to produce ignition of a mixture in the normal
flammable range. There is, of course, no question that a direct
lightning strike contains sufficient energy for ignition even of mix-

tures outside the normal flammable range.

Most of the experimental work in the literature is concerned with
ignition of gas mixtures with sparks of fairly low energy, of the or-
der of fractions of a Joule. Since this area of electrical ignition
has been explored in reasonable detail, the objective of the present
program was to Investigate whether any different effects are produced
with relatively high energy discharges. There seemed little question
that ignition would occur with discharges of higher energy than the
minimm required under normal experimental conditions. The question
which could not be resolved was whether a high energy discharge could
drive a flame through & gquenching channel. In other words, would a
flame arrester designed on the basis of normally propagating flames
be effective for flames produced and driven by a large excess of elec-
trical energy? The investigation of ignition in channels of the order
of the quenching distance for the mixture under congideration thus be~

came the principal objective of the present work.
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B. Apparatus and Procedures

1. The Electrical Circuit

The electrical circuit shown in Figure 50 consists of a DC
power supply with a voltage output of O to 15 KV and & meximum current
output of 1.75 x ZLO"3 A. The resistor Rf protects the power supply
from burnout and provides an additional filter with Cf. Sl and 82 are
two mechanical high voltage switches. With Sl closed and 82 open, the
capacltor C is charge; the rate of charge was controlled with a variac.
The voltage is measured with an e.c. Voltmeter by means of a high
voltage probe. When the desired charge at C is reached, Sl is opened.
For the experiment 82 is closed and the capacitor C is discharged

through the spark gap.

The e.c. Voltmeter is a Simpson Model 270 with 20,000 ohms per ‘

volt and + 1;5% accuracy full scale. The capacitor values from

6

25 x 1072 parad up to 9 x 10~ Farad were available and used either

as single capacitors or in combination as & capacitor bank. The leaking
current of all the large capacitors was tested repeatedly and was found
smaller then 1 x 1070 amps.

The mechanical switch 82 was used, since the attempt to trigger
the discharge by radiation from a trigger spark failed to work reliably
in propane-air mixtures. This latter method would have eliminated
switch losses. BStudies of the mechanical switch showed that the losses,
even with voltages 10 - 20% greater than the statistical breakdown
voltage, were not detectable among the other uncertainties of the ex-

periment.

The static breakdown voltage for the mixture - a function of
the product of gap distance and gas pressure for the specific gas
mixture being tested ~ was measured and is given in Figure 51. A plot
of breakdown voltage versus the product of pressure and gas distance is

normally called a Paschen diagram and should glve a linear relationship.
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The slight curvature noted is attributed to two causes: (1) accumula-
tion of deposits on the electrodes (e.g., carbon), and (2) the elec-
trode shape which produces a nonuniform electric field. Inasmuch as
the departures from linearity were not great, no attempt was made to
alter the experimental procedure. In order to assure consistency of
the results, the ignition experiments were performed under the same
conditions as those used to obtain the Paschen diagram of Figure 51.
The diagram was obtained under the same conditions as the experiments
later on were performed. The electrodes, 2 mm.in diameter, had rounded
tips with a radius of 1 mm and were made of stainless steel. They were
Inserted into opposite walls of a plexiglass tube with a square shaped
cross section with 0.88 cm side length and the tips flush with the
wall surfaces. After the tube was filled with mixture, the voltage was
slowly raised until breakdown occurred. Each measurement was repeated
three times, and the mean value was used in the diagram. Since the gap
distance could not be changed, the gas pressure was changed. The pres-
sure was measured with a closed mercury mancmeter to + 1 Torr. Because
of the combustion products from the mixture, channel and electrodes had
to be cleaned with methyl alcohol after each discharge to obtain good
reproducibility. After the cleaning operation, the channels were
pumped down to 10_l Torr for about 5 minutes to remove the remaining
alcohol. Longer times have proven to give no further change. The dis-
charge time measured with the complete circuitry was of the order of
10" second.

2. Test Mixture
Propane-air mixtures were chosen for the study, since appreci-
able data exlsts for normal ignition and flame propagation. All ex-
periments reported in Section VI have been performed with a mixture

containing 5% by volume of propane in air.

For the experiments with quiescent mixtures, about 6 liters of

mixture were prepared for every test rumn by measuring propane and air
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separately by volume. The components were introduced into a plastic
bag and mixed by circulating the contents of the bag with a diaphragm
pump. The mixture was uniform after about 1/2 hour; however, the cir-
culation of the mixture was continued during the whole test run. The
propene used had a purity of 99.5% (instrument grade); the relative ac-
curacy of the described volume measurement was better than 0.5% for
each component. Prior to introducing the propane-air mixture into the
tube, it was passed through a drying tube filled with calcium chloride.
For experiments with chambers closed at both ends, the chamber was
first evacuated and then filled with the mixture to the desired pres-
sure, controlled by a closed end mercury manometer. For experiments
with atmospheric pressure (one end or both open) the mixture was

passed through the chamber long enough to assure a wniform mixture.

A different procedure was used for the experiments in which an
appreciable mixture flow velocity was maintained during the ignition
experiments. Commercial grade propane (93.49% propane, 0.212% methane,
4.00% ethane, 1.90% iso-butane, and 0.26% n-butane) and air were run
separately through measuring chambers containing hot wires for flow
control. Both hot wires were electrically adjusted for optimum sensi-
tivity in the range of the desired flow rate. The hot wires were
calibrated by the conventional water displacement technique. The ac-
curacy was better than 5%. For experiments involving very high air
flow rates, the air was metered by pressure measurement, the pressure-
flow rate relationship obtained fram prior calibration. The accuracy

was, again, better than 5%.

The voltage drop of both hot wire probes (in series with a con-
stant resistor) was amplified and observed on a DC oscilloscope. This
simplified the control, since the deflection of the beam indicated the
flow rate of both contents at the same time, While the power supplies
for the hot wire probes were sufficiently stabilized by means of zener

diodes and transistorized voltage regulators, the osclilloscope needed
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to be controlled periodically by standard voltages, which were cor-
rectly adjusted to deflect the beam to zero on the screen of the scope.
Any change of the oscilloscope could be readjusted, which was carefully

done before each photographic recording.

The propene and air were then mixed and allowed to flow through
the ignition tube.

3. Flame Arrester Simulation

A single channel was used to simulate actual arrester condi-
tions, which may actually include many of those channels. Figure 52
shows quenching distance versus pressure for parallel plates and a 5%
propene-air mixture (Ref. 17). Since the conversion factors for dif-
ferently shaped cross sections are known, the quenching distance can be
calculated from these data. Specifically, the geometric factor for a
square shape is 2.38 and for round 2.67. For the first experiments
pPlexiglass chambers of different lengths and square shaped cross sec-
tions were used. A pressure of 280 Torr was used to obtain a bigger
gap distance. This form of channel was also used to test and develop
observation methods and to find out which measurable thermodynamical
phencmenea would be suitably related with the electrical excess energy.
Some experiments with 180 cm. long plexiglass channels are also reported
in this paper. Because of the low pressure used in this chamber, it
had to be closed at the ends and disturbances caused by shock waves
were found. Figure 53 shows the apparatus with thils particular cghamber

mounted.

Most of the experiments were conducted In glass tubes of circu-
lar cross section and at atmospheric pressure. Both ends of the
chambers could thus be left open. The electrodes were held in a round
plexiglass chamber of about 15 mm length, which was turned on a lathe
to exact quenching distance at the inside and also worked out to re-
celve two glass tubes as extensions -~ one at each side - of the same
inner diameter.
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4. Observation and Recording

Since flame propagation, in an actual sense of the term, could
not necessarily be expected under gquenching conditions, it was the
prime objective of the first experimental investigations to find an
observable and descriptive thermodynamical phenomenon which was clearly
related to the amount of excess energy introduced by the electrical
discharge. Photographic recording of the discharge and its effects
proved to be the most useful cbservational technique. All photographs
reported in this paper were made with Agfa Record film (1200 ASA).

During the experiment, the room was kept dark, and the camera
was opened manually after all other experimental preparations had been
completed. Then - camera still open - the high tension switch was
actuated and the camera closed, after the flash of the discharge disap-

peared to visual observation.

To prevent overexposure, the necessary f-stop numbers, as a
function of discharge energy, were estimated by preliminary experiments
and have proven to be not too critical. It may be noted that the ple-
tures taken in the described manner give & time integrated recording of

the discharge and the events caused by it.

C. Results and Discussion

1. General Observations

Barly observations of the phenomena occurring in the ignition
tube show that two distinct types of propagation seemed to exist. The
discharge itself produced a hot luminocus plasma which could extend for
various distances in the channel, depending on discharge energy and
channel dimensions. This plasma generally appeared as an intense whilte
zone on color film. Either concurrent with the plasma formation or pro-
duced by it, & blue flame could also be observed in some experiments.

The rather light blue color of the flame was completely masked by the
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plasma so that its existence could not be determined until the flame
propagated away from the discharge generated plasma. Whether the flame
exists within the plasma or is ignited by it could, therefore, not be
determined. The existence of & hot plasma of considerable volume rep-
resents one of the principal differences between high energy discharge
experiments and the usual ignition experiments using low energy dis-
charges. The study of the discharge generated plasma was thus made a

major part of the current program.

The plexiglass chamber with a square cross section (0.88 cm.
sides) and a 180 cm. length, and with electrodes mounted in the center
of the tube proved very useful for many of the qualitative observa-

tions. The following visual phenomena were noted.

For discharge energies of 10_3 Joule and below, the spark
channel appeared as a thin bluish line, generally less than 0.5 mm in
diameter. With increasing energy the diameter of this cylinder grew,
and the color changed to white. At about 5 x 10_3 Joules the discharge
reached the side walls of the chamber described above. At even higher
energies the plasma began to f£ill the chamber and extend longitudinally
in both directions. For later calculations of plasma volume, the shape
of the plasma was assumed to be cylindrical at first, and then cubical
after reaching the tube walls.

Figure 54(a), (b), and (c) illustrate discharges in air at
500 mm HgA (Torr) pressure.* It was observed that the discharge ap-
pearances in propane-air mixtures, helium, or nitrogen are quite simi-
lar to those observed in ailr. The characteristics of the plasma do not
appear to depend upon whether or not the channel would represent
quenching conditions for a given propane-air mixture. For conditions

under which quenching is normally not expected, a blue flame could be

* obtained with apparatus shown in Figure 53.
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seen propagating away from the plasms extremities. Blue flame propa-
gation was not observed for conditions which would normally quench a
flame. Under some conditions, however, such flames appeared to extend

the plasma zone rather than propagate as separate flames.

2. Plasma Volume

Figures 55 and 56 show the change in plasma volume with dis-
charge energy for propane-air mixtures and for helium and alr. Pres-
sure wag varled for the different gases. Attempts to explain the
trends observed were made difficult by the fact that pressure waves
generated by the discharge and reflected from the closed ends of the
tube could affect the spread of the plasma. Nevertheless, certain
features of the phenomenon appeared evident. There 1ls a change in
slope of the plasma volume versus energy curve which occurs at the
point where the plasma touches the tube walls. Although an uncertainty
exists in the calculation of the plasma volume, repeated measurements
indicated that the observed effect was larger than the uncertainty in
volume measurement. Loss of energy to the tube walls seemed a logical
explanation for the decreased rate of plasme growth at the higher
energy levels. The similarity of the measured plasma volumes for pro-
pane-air mixtures and nonreacting gases such as helium, niltrogen, and
air, indicates that the energy due to chemical reaction plays a minor
role in the plasma development. This observation is further suggested
by the absence of a discernible change in the curves below and above

quenching pressures for this particular tube.

In order to eliminate the effects of reflected pressure waves,
& series of experiments was performed in a tube open at both ends and
with the contalned gases at atmospheric pressure. The discharge
chambers were machined fram a 25 mm plexiglass rod with holes for the
electrodes and openings for the connection of precision bore glass
tubes. Three units having inner tube diemeters of 0.32, 0.48, and 0.79
cme. and a total length of 180 cm. were fabricated. The glass was
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connected to the plexiglass with epoxy cement to provide seamless,
tight Junctions. The electrodes were forced into wmdersized holes un-
t1il thelr flat surfaces were tangential with the chamber walls. The
smallest diameter tube was found to be below the gquenching distance for
a 5% propane-air mixture at atmospheric pressure, while the largest
tube exceeded the quenching distance. Partial propagation of flame was
observed in the intermediate diameter tube, the distance of propagation
varying from experiment to experiment.

Two different electrode diameters were used, having diameters
of 0.5 cm &and 0.2 cm, to investigate the effect of electrode size and
current density.

Plasma volumes as a function of discharge energy are presented
in Figures 57 -~ 60 for the 5% propane-air mixture and for nitrogen,
obtalned in the apparatus described above. Several general conclusions
can be drawn from the date presented. Electrode size within the range
tested produced no discernible difference outside of experimental ac-
curacy. The volume of the plasma in nitrogen is lower than for the
propane-alr mixture at low energy levels, but it has a steeper rate of
charge with energy. This result is qualitatively in agreement with the
explanation that the energy of reaction of the propane with air con-
tributes a small additional Increase in volume at low levels of elec-
trical energy, but that i1s not significant at the higher energy levels.
It does not explain, however, higher values for nitrogen at the higher

energy levels.

All of the figures show higher values of the plasma volume in
the larger tube. This result is consistent with the suggestion, raised
previously, that some of the plasme energy 1s lost to the tube walls.

The general trend of the date suggests that a specific plasma’
volume is assoclated with each discharge energy. If thils is fact, then
the length of the plasma zone should change with energy. This length
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variation can be of importance, since the length of the plasma could
determine whether the discharge energy could penetrate a quenching
channel of a given length and produce ignition on the other side.

Plasma lengths obtained from the same experiments used for the
measurement of plasma volume are shown in Figures 61 - 64 as a function
of discharge energy. The plasme length varies in much the same manner
as plasma volume. In all cases the plasma length becomes greater as
the tube diameter decreases, which is consistent with the suggestion

that a given volume is assoclated with each discharge.

The experimental configuration with the spark gep located with-
in the tube 1tself was chosen so that the amount of energy delivered to
the gas could be known. Appreciable plasma lengths are associated with
the higher energy discharges. These lengths must be considered maxi-
mm values. A discharge occurring at the end of a tube would transmit
only a fraction of its energy into the tube and the plasma penetration
would be reduced correspondingly. Nevertheless, the discharge
generated plesma which propagates readily through a normally quenching
channel must be considered as an important part of the ignition hazard.

In propane-alr mixtures, flames were observed in addition to
the plesma, depending on the experimental conditions. Since the in-
tensity of the flemes was much less than that of the plasma, the plasma
tended to mask the photographic detection of flames. It was possible,
however, to observe the flames visuaslly in a number of experiments. In
general, the rate of flame propagation was much slower than the rate at
which the plasma spread to its maximm length. The flame speed seemed
to increase with discharge energy, but quantitative data could not be
obtained. In only one experiment, using & discharge energy of about
0.1 Joules, was there a flame observed in the smallest tube which was
smaller than the quenching distance., This flame propagated for only
about 1 cm. It must be concluded at this stage that the application of
ignition energles greatly sbove the minimm ignition energy does not
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tend to drive a flame through a quenching channel.

The previous experiments described had all been performed with
nonflowing mixtures. Another aspect of the operation of quenching
channels which was not known was whether a flame could be forced
through a channel by a flowing gas stream. It was also of interest to
determine whether the plasma was affected by gas flow.

In order to investigate the effects of gas velocity, air and a
5% propane-air mixture were passed through a 4 mm glass tube, which is
smaller than the quenching diameter at atmospheric pressure. Flow
velocities of 10, 20, and 100 m/sec were investigated at two levels of
discharge energy, 16 and 80 joules. The effect of flow velocity is
illustrated in Figure 65, while photographs of the plasma are shown in
Figure 66 (a) through (d). The length of the plasma downstream of the
discharge is not affected by the flow, but downstream of the discharge
the plasma length increases linearly with increasing velocity. The
reversal in the air and propane-air curves is not actually known. A
reasonable explanation is, as before, that the propane-air reaction
adds energy to the plasma which is significant at the lower energies.
Irreverslble endothermic reactions could account for the lower values
of propane-air plaesmas than air plasmas at the higher energies. One
can, indeed, observe appreciable carbon formed at the higher energy

levels, indicating decomposition of the propane.

Faint flames were observed at flow rates of 10 and 20 m/sec
and 16 Joule discharge energy (Figure 67 (a) and (d)). There appeared,
in these somewhat isolated cases, to be a prolonged combustion zone
under quenching conditions. The lack of reproducibility of the event
makes it difficult to explain the nature of the phenomenon.

The previous experiments were performed under conditions where
the plasma is completely confined in a tube. It was of interest to
determine the behavior of the plasma as it left a tube corresponding

crudely to the Jjunction between the end of a flame arrester and an
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unobstructed tube. Figure 68 illustrates the behavior of the plasma in
air under three different experimental conditions. Figure 68(a) shows
an approximately 200 joule discharge with only one glass tube (right
side) attached to the plexiglass section containing the electrodes.

The electrodes are still contained in the plexiglass tube, approxi-
mately 15 mm in length; that 1s, 7.5 mm from the open left end. The
air 1s quiescernt. The plasma extends into the glass tube on the right
roughly the same distance as in previous experiments. This experiment

simulates a discharge near the entrance to & flame arrester.

Figures 68(b) and 68(c) show the plasma extending through the
ends of a tube cut at different lengths. The tube diameter is L mm,
and the air flows from right to left in excess of 100 m/sec. There is
no question that the plasma can extend beyond the confining limits of
the tube. A similar experiment is shown in Figure 69, where the tube

extremity extends into a glass bulb.

The final question to be answered concerned the ignition capa-

bility of the plasma. Two different sets of experiments were performed.

Using the shortened tube configuration of Figure 68(c), a
propane-air mixture was allowed to flow past the tube end. The glass
tube itself, about 30 cm.long, contained only air. The plasma extending
from the tip of the tube reliably ignited the propane in each experi-
ment. The second configuration involved the use of the 5% propane-alr
mixture in the experimental configuration shown in Figure 69. Explo-
sion of the mixture in the glass bulb shattered the bulb. There is no
doubt that the plasma generated by the dlscharge is capable of igniting
a8 flammable mixture.

D. Concluding Discussion

The following conclusions can be drawn. High energy discharges pro-
duce a hot plesma which can propagate for considerable lengths through
channels which would normally be expected to quench a 5% propane-air
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flame. Ailr flow tends to increase the length of the plasma in the
direction of the flow. The plasma appears only slightly dependent on
the nature of the gas in which the discharge occurs. The plasma propa-
gates fram an open end through a tube and can travel through a tube
into a large volume. The plasma generated by a high energy discharge
is capable of igniting a flammable mixture at a considerable distance
from the source of the discharge. Flame aryesters of normal design

appear to offer no protection, if the plasma-like discharge occurs.

E. Conclusions

1. Application of ignition energies greatly above minimum ignition
energy does not tend to drive a flame through & quenching channel be-
yond limits of plasma penetration.

2. Discharge generated plasma passes readlly through a normally
quenching channel and, if the plasma passes Into a non-quenching vol-
ume, can contain sufficient energy to ignite a cambustible mixture.
Moreover, there is no doubt the plasme generated by a discharge 1is
capable of igniting a flemmable mixture.

3. Flame arresters of normal design appear to offer no protection
if the plasma-like discharge occurs.
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VII, LIGHTNING SIMULATION TESTS

A. Introduction
The previous discussions covering the efforts devoted to deter-

mining the nature of the combustible environment, the electrical en-
vironment, and ignition and quenching processes have shown that a com-
bustible mixture can exist in the vicinity of a vent exit for various
vent flow conditions and that sufficient energy exists in lightning
strikes, streamers, and corona discharges to produce ignition under
laboratory conditions. It was further shown that flame propagation
can occur under normally quenching conditions when an electrical dis-
charge produces & high energy plasma. The final phase of the program
was the testing of vent configurations under simulated flight and
lightning conditions to determine whether the combination of all of the
individual effects confirmed or altered the conclusions drawn from the

separate studles.

For the execution of these final evaluation tests a simulated vent
was installed in a simple wind tunnel at Lightning and Transients Re-
search Institute and subjected to simulated lightning discharges as well
as relatively low energy sparks. An attempt was made to produce the

most severe conditions within the experimentel limitations.

B. Artificial Lightning Discharge Currents Used
In Tests of Aircraft Fuel Vents

Lightning discharges to aircraft are of two general types: cloud-
to-ground discharges characterized by high currents and high current
rates of rise, and cloud-to-cloud discharges characterized by inter-
mediate currents and current rates of rise but with greater charge

transfers. The discharge currents may be arbitrarily divided into
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components which produce the typical effects of natural lightning dis-~
charges, the magnetic forces of the high currents, the heating and blast
effects of the high energy intermediate currents, and the metal erosion
of the long duration lower currents which continue to periods up to

one second following the short duration high current components.

The effects may be reproduced in the laboratory by a group of
several artificial lightning generators connected in such a way as to
glve a single discharge representative of a severe natural lightning
discharge. The circuit values of the laboratory lightning generator
and the output currents, energies, and charge transfers are presented
in Table II. A dlagram indicating the generator circuits and the cur-
rent wave forms and coupling circuits used for firing the three current
components as & single discharge 1s presented in Figure 22, along with
& graph of the composite output wave form plotted on a logarithmic time
scale. Oscillograms of the actual currents are shown in Figure 23.

The oscillograms represent the maximum values; the actual values varied
somewhat on individual tests. These current wave forms correspond to
those specified in Mil-A-9094C, the military specifications for the
artificial lightning discharge currents used in testing alrcraft light-
ning arresters. The current requirements are based on analysis of
flight damage reports, flight research programs, and examination of
damaged alrcraft parts over & period of about fifteen years.

In studying the possible propagation of flame fronts through fuel
vents or flame arresters, the first two components, the high and inter-
mediate current components, were used to produce severe blast effects
and possible momentary reversed flow in the outlet, utilizing the
configuration shown in Figure 9(b). The third component was used to
burn the vent outlet or flame arrester severely enocugh to present an
ignition source of relatively long time duration to the fuel vapor
outflow but did produce little blast effect. With these currents the

energy density In the arc is equivalent to a severe, but not the most
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severe, natural lightning discharge.

C. Apparatus and Procedure

1. Test Layout
The vent configuration is illustrated in Figure 70. Commercial
propane, pre-mixed with ailr, was passed through the vent at various
velocities. Due to difficulties in controlling the fuel-air ratio,
spark tests were performed prior to each experiment to assure that a
flammable mixture existed in the vent effluent. The air flow past the

vent was varied in steps from O to 100 miles per hour.

During the preliminary tests i1t was noted that conditions
exlsted where ignition occurred but flame did not propagate into the
vent. In order to observe the behavior within the vent, subsequent ex-
periments were run with a transparent tube leading to the air foil

surface.

2. Instrumentation
The instrumentation consisted of
a. Fuel flow rotameter;
b. Air flow rotameter;
C. Pitot tube and airspeed indicator;

d. Three iron-constantan thermocouples installed in the
vent tube as propagation indicators;

e. Oscilloscope for reading thermocouple output;

f. Three still cameras consisting of & Polaroid, a 2-1/L x
2-1/4 black and white, and a 35mm infrared; and

g. Two motion picture cameras consisting of a 64-frames-per-
second Bell and Howell color camera, and & 1000-to-2000-
frames-per-second Fastax high-speed camera.

3. Procedure
The following procedure was used for the determination of the

ignition probebility envelope at zero airspeed with a 15,000 volt
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"neon" light transformer,
a. Start exhaust fan;
b. Set air rotameter;
c. Set fuel rotameter;
d. Activate sparking apparatus; and

e. Observe oscilloscope for flame propagation indication.

The procedure for using the high energy discharges (elements

1 - 3) involved the following steps:

a. Start exhaust fan;

b. Prepare camera film loads and lens settings;
c. Set air flow on rotameter;

d. Begin electrostatic chargings

e. Set propane flow on roteameter)

f. Open shutters on still cameras;

g. Start tunnel,

h. Start motion picture camera(s);

i. Stop tunnel motor at proper airspeed;

Note: Tunnel motor is a constant speed rotor and
airflow throttling was not available.

J. At the "Stop Tunnel" signal, close electrostatic
equipment switchy

k. One test operator visually observes the clear vent
tube segment for visual signs of flame propagation;

Lo Another test operator observes the oscilloscope for
thermocouple indication; and

m. Stop motion picture camera(s) and close the still
cameras' shutters.

D. Results and Discussion

A series of tests was run with an open vent exit and a 15,000 volt
discharge to check out the setup. These tests verified that ignition
and flame propagation could occur under the conditions and with the

equlpment tested.



Further tests were performed on the open vent configuration (vent
exit clear of any structure or arresters) with electrical element (a)
only (Table II), elements (a) and (b) only, and elements (a), (b), and
(e). With a free stream velocity of 100 miles per hour, propagation
occurred only with the discharges directed at the vent exit peripheral
lip. When the discharge was directed an inch or more away from the

lip, propagation failed to occur.

The number of tests with an open vent, no flame arrester, was
limited since it was felt that the most important question to be re-
solved by the tests was whether or not the existence of a flame ar-
rester could eliminate the fire hazard. A summary of the tests with a

flame arrester is given in Table IV.

The most important result is that flame propagation was observed
with the flame inhibitor in place. The ignition and propagation of
flame was strongly dependent on the location of the discharge and the
discharge electrode with respect to the vent exit. The critical dis-
charge locations observed are illustrated in Figure Tl. The greatest
ignition potential existed when all three supply systems were acti-
vated. This condition results in the longest discharge duration and
maximum heating of the metal surfaces.* Ignition and flame propagation
were noted for both quiescent air conditions and air flow rates past
the vent of 100 mph. The vent flow velocity was kept low deliberately,
below 1 foot per second, since this represents the most hazardous con-

dition.

In general, although the flame arrester did not completely prevent
flame propagation into the vent, it did reduce the tendency for propa-

gations. In several cases spark showers and a plasme were noticed as a

* However, it was also determined that a discharge consisting of
elements (a) and (b) with the electrode similarly located to a
three element discharge resulted in a propagation in the vent tube.
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result of high energy discharges.

The tests confirm that a flammable mixture exists at the vent exit
even at air flows of 100 mph. This mixture can be ignited by a simu-
lated lightning discharge. Although the installation of a flame ar-
rester reduced the tendency for flame propagation, a flame arrester
cannot be assumed to glve complete protection since propagation was ob-

served under a fairly broad range of conditions.

In some experiments, particularly at zero air flow velocity, a
flame could be initiated and stabilized at the vent exit. Such a
flame heated the flame arrester until flame propagation through the
arrester was possible. Such observations, as well as other unreported
evidence, suggest strongly that the flame arrester should be installed
in a manner which does not produce sheltered zones conducive to flame
holding.

The observed flame propagation through the vent was at falrly low
velocitles, suggesting that high velocity vent flows also inhibit
flame propagation.

It was noted during the tests that discharges not normslly contain-
ing sufficient energy to lgnite a flammable upstream of the arrester
could drive a flame burning at the arrester face through, causing
propagation.

E, Conclusions

l. Flame propagation can occur within a flush type vent with a
"flame arrester" in place.

2. If a flame sustains itself on an arrester face, a strike in
the near vicinity can push the flame through the arrester and propagate
through the wvent line.

3. Although the installation of a flame arrester reduced the ten-
dency for flame propagation, a flame arrester cannot be assumed to
give complete protection since propagation was observed under s

fairly broad range of conditions.
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A.

VIII. CONCLUSIONS AND RECOMMENDATTIONS

Conclusions:

For the reader's convenience, & restatement of the conclusions pre~

sented in each of the five previous sections is given.

6L

Section III - Conclusions

1. Fuel Tank (Effluent Source)

(a) Flammable conditions may exist within a fuel tank
contrary to equilibrium calculations.

(b) Preliminary considerations indicate fuels of ex-
tremely low volatility may offer benefits in terms of reduced
explosion hazard (although the role of fuel mists suspended in
air must be determined before firm conclusions may be drawn).

2., TFuel Tank Vents

(a) Flash-back of a flame through the vent, pre-
supposing an ignition source and a flammable mixture within
the vent, is most likely to occur at low rates of climb (low
effluent velocity).

(b) It was determined practically all vent exits on
current aircraft fall into three types:

(1) A flush vent discharging into a boundary
layer,

(2) A mast discharging into a wake, and

(3) A mest discharging into a free stream.

(c¢) Iso-kinetic gas stream sampling with a small
probe in the order of 0.05 inch diameter i1s unnecessary as
the probe does not significantly disturb the streamlines.

(d) Observed fuel-air ratio, at any point in the
fuel-air ratio envelope, is a linear function of the vent
fuel-air ratio. Also, molecular diffusion processes are
insignificant in the mixing of the vent effluent and ambi-
ent ajr stream.



(e) The temperature ratio between the vent efflu-
ent and the free stream, in the range experienced by cur-
rent aircraft, has no effect upon the mixing process.

(f) From conclusion (d), the use of a tracer gas
in the effluent to determine the mixing envelope of a low
speed gas Jjet discharging into a high speed gas flow is
valid.

(g) A vent discharging into a free stream exhi-

bits the greatest dilution or smallest mixing zone; how-
ever, a flammable mixture exists at the exit which means

this configuration is vulnerable to direct lightning strikes.

Section IV - Conclusions

1. The probability of direct strikes and corona type
discharges in the viecinity of a vent exit is influenced
by vent exit configuration.

2. Poorly bonded vent outlets or inserted flame ar-
resters can channel stroke currents such that internal
sparking may result.

3. Studies indicate ignition is not possible at dis-
tances beyond two feet from the ionized channel; at dis-
tances less than two feet insufficient information exists
to define the probability of ignition.

Section V - Conclusions

1. TFor regions beyond 5 to 10 centimeters from a dis-
charge arc the blast wave apparently travels at the speed
of sound, which does not constitute a strong shock wave.

2. BScreens placed in the path of a shock wave do not
significantly reduce blast pressure waves.

Section VI - Conclusions

1. Application of ignition energiles greatly above
minimum ignition energy does not tend to drive a flame
through a quenching channel beyond limits of plasma pene-
tration.
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2. Discharge generated plasma passes readily through a
normally quenching channel and, 1f the plasma passes into a
non-quenching volume, can contain sufficlent energy %o ignite
a combustible mixture. Moreover, there is no doubt the
plasme generated by a discharge 1s capable of lgniting a
flammable mixture.

3. Flame arresters of normal design appear to offer no
protection if the plasma-like discharge occurs.

Section VII - Conclusions

1. Flame propagation can occur within a flush type
vent with a "flame arrester" in place.

2. If a flame sustains 1ltself on an arrester face,
a strike in the near vicinity can push the flame through
the arrester and propagate through the vent line.

3. Although the installation of a flame arrester
reduced the tendency for flame propagation, a flame ar-
rester cannot be assumed to glve complete protection since
propagation was observed under a fairly broad range of
conditions.

B. Summary Conclusilons:

1. Mapping of fuel-air mixture profiles near the exit of a fuel
tank vent shows, for all vent configurations, the flammable envelopes
are relatively small.

2. The greatest explosion hazard exists when the fuel tank and
vent contain a flammable mixture and the vent outflow velocity 1s very
low.

3. The ability of a discharge generated plasma to penetrate the
arrester and ignite a flammable mixture is a major factor in reducing
arrester effectiveness.

k. Although the installation of a flame arrester reduced the
tendency for flame propagation, a flame arrester cannot be assumed
to give complete protection since propagation was observed under a

fairly broad range of condltionse.
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C. Recommendatlons:

The followlng recommendatlons are presented as a logical outgrowth
of the program just completed, general information obtained from the
references, unpublished tests performed by some of the experimental

personnel, and experience of the personnel conductlng this program.

1. Maintaining high vent exit velocities by adding air (at all
times) is recommended and appears to be a more certain design feature
for safe operation than using an additional alrflow to dilute efflu-

ent vapors.

2. If flame arresters are used, they should be installed in a
manner not conducive to flame holding. A sustailned flame at an ar-
rester face tends to heat the arrester to a temperature where the.
arrester ls no longer effective. Although a flame arrester does not
completely prevent flame propagation into a vent, it may, under some

conditions, reduce the tendency for propagation.

3. The vent exit should be designed not to produce a region of
high potential gradients, thereby minimizing direct lightning strikes,
streamers, or corona discharges. The vent exit should not be located
in a reglon of high potential gradient nor should it be located in the
path of dilscharges originating elsewhere. The use of "diverters" near
the vent exit may be advantageous; however, geometric effects produced
by increasing the discharge probability near the vent exlt requilre

careful consideration.

4, Flush mounted, slightly recessed or electrically shielded,
vents appear to be the most promising deslign types and are recommended.
These configurations minimize discharge probability wilthout greatly
Increasing the extent of the flammsble mixture reglon.
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TABLE I

Summary of Vent Exit Parameters at Meximum Climb
Conditions for Seversal Aircraft.

Aircraft Speed| Boundary Reynolds Number | Maximum
ircraft v Layer at Vent6 V.
Model © Thickness Re( ) x 10° Vo

(kmots) at Vent X
(inches)

A 160 1.7 18 0.045

310 3.7 110 0.017
Cq 147 0.6 b7 0.125
C, 147 1.9 19 0.0125
D 152 1.0 8.7 0.09
E 190 0.9 11 0.163
Fy 190 0.9 11 0.092
F, 190 0.9 11 0.029

TO




TABLE IT

Comparison of peak current, mechanical forces,
heating effect, energy and charge transfer of
the three types of surge current generators
used In the tests of aircraft fuel vents.

@y

High current

Secondary stroke

(o)

5
Long duration
current generator

generator generator
3.3u £ at 150 kv |3000us £ at 10 kv {200 amp at 500 v
(maximm ) (maximum )
100,000 amperes 5000 amperes 200 amperes
Peak Current duration duration duration
= 10~0 gec = 1072 gec = 1 sec
to 1/2 value to 1/2 value rectangular
wave
Relative
Mechanical :
Force (pro- 100.0 0.25 0.0004
porgiqnal to
1°)
Heating Effect
= 69,000 R = 172,000 R = 40,000 R

=_4'F52 it R

Fnergy =CE2

1/2

Charge Transfer

33,800 joules

) x (&
3.3x10-

)
6x15x10%
= 0.5 coulombs

300=OOO goules

100,000 Joules

(©) x (g)

3000x10™"x10, 000

= 30 coulombs

(1) = (%)
200 x 1
= 200 coulombs




TABLE ITI

Sumary of Rung in which Flame Propagation
Occurred on Open Vent Exit

Electri v Vo e Electrode
iSu;;iy F/A Y gii:am Pi;on} Location
fon te
mph (inches) -]
1 .107 3.3k T5 30 7}/— inside vent tubd
1 .107 3.34 100 30 inside vent tube
1 .095 L4y 100 30 inside vent tubd
1 .095 .41 100 30 inside vent tube
1 .104 L. L5 100 30 inside vent tube
1 .095 4 42 100 30 a- ! inside vent tubd
1 .095 b, b7 100 30 -jj¥ leading edge 1lip
1 .091 L. y2 100 30 -7;7’ inside vent tuba
1 .091 4 b2 100 30 inside vent tubse
1 .091 L b2 100 30 inside vent tubse
1 091 k. ho 100 30 inside vent tubd
1 .20 .99 0 30 inside vent tube
1+2+3  |.114 .T5 100 3/8" f;2>3i—- aft 1lip




PABIE IV

Summary of Runs in Which Flame Propagation was
Observed with Fleme Arrester Installed.

Electri- v v Electrode Electrode®™*
cal v © Distance
Supply* F/A ft/sec | mph inches Location
1 .105 .70 o) 1/2 Arrester Center
1 .118 5 0 1/2 Arrester Center
1 .112 .TO 0 1/2 Arrester Center
iz .128 .70 ‘o | 1/2 Arrester Center
1+2 .128 .70 0 1/2 Arrester Center
1+2 <11k .75 0 3/b Arrester Center
1+2 .088 .70 100 1/h Arrester Center
1+2 .127 .T0 100 1/4 Arrester Center
1+2 .133 .70 100 1/h Arrester Center
1+2 127 .70 100 1/h Trailing Lip
1+2 .118 <75 0 3/8 Aft Arrester Face
1+2 .118 <15 100 3/8 Aft Arrester Face
1+2 .12k .75 100 3/8 Aft Arrester Face
1+2 .127 .TO 100 3/8 Aft Arrester Face
1+2+3}.130 .75 0 1/h Arrester Center
1+ 2+ 3].119 .75 0 1/h Forward Edge
1+2+3].138 .70 0 1/4 1/2" Left of ILip
1+2+3].132 .50 0 1/4 1/2" left of Lip
1+2+3].141 .60 0 1/h4 Left of Forward Lip
1+2+ 3].152 .75 100 1/h Trailing Lip
1+2+ 3].121 .70 100 3/8 Aft Arrester Face
1+2+3].121 .70 0 3/8 Aft Arrester Face
R+2+3].124 .15 0 3/8 Aft Arrester Face

* Numbers refer to electrical glements (see text)

¥% See Figure Tl for summary of electrode locations
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Fig.8z). - Mast Discharging Into Wake.
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Forward

MODEL B

Fig. 8(b). - Mast Discharging Into a Free Stream.

Figure 8. - Typical Vent Exit Configurations and Locations for
One Manufacturer. &
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A. Mast Discharging Into a Wake.

UO y

Note: This configuration may have
flap,aileron, or both, adjacent to the
vent mast to disturb flow pattern.

B. Mast Discharging Into Free Stream.

C. Flush Vent Discharging Into Surface Boundary Layer.

Fig. 9. - Three General Classes of Fuel Vent Exits.



LI W W Y W W WY

=03 inch inside diameter
—.05 inch outside diameter

Stock size hypodermic needle
inside dTameter

PROBE DETATL

Traverse Probe — e (—T‘h —

Traverse Mechanism—!:-( 1 Air Flow
L p——4d —

— Free Stream !
Sample Pickup

“Wind tunnel wall

E e 2] Mixing
-Wat
er Chamber

Hydro-~

carbon (LQ — Manometer

Exhaus[c_ Detector |

Legend;

Pump

Bourdon Tube of
Pressure Gage Propane

<

T~

Flow Control

.. —®

Gas Flowmeter Water—

(Rutameter)

>=30 B

Air Air Charcoal
Valve Supply ] Dryer Filter
Figure 10. - Schematic Drawing of Gas Analysis Set-Up and Probe

Installed at Lockheed's Subsonic Wind Tunnel, Burbank.
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Figure 13.

- Model 213B Perkin-Elmer
Hydrocarbon Detector.
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Figure 18. Comparison of natural lightning damage (above)
and laboratory lightning damage (below) to same
type of unprotected radome permits estimates of
potential rate of rise and energy of natural
lightning discharge.




Figure 19. Damaged VHF transmitter coil illustrates magnetic
forces and heating of high energy natural lightning
current components.

Figure 20. Separation of vertical fin illustrates high blast
pressures produced by lightning discharge arcs
which entered through inadequate antenna lead-in.
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Figure 21, Natural lightning discharge to jet transport wingtip
produces larger hole than 300 coulomb discharge
in laboratory (lower photograph).
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Figure 22. Diagram of multiple generators which produce typical effects
of natural lightning strokes, individually or as a composite
single discharge. The combined ocutput current waveform is
shown below.
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Oscillograms of separate current components
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NEGATIVE RAIN POSITIVE RAIN

Figure 24(a). Meteorological and electrical conditions within a thunder-

cloud, based on electric gradient measurements by Simpson
and Scrase with free balloons.

CURRENT AT CLOUD END, SUCH AS MIGHT PASS THROUGH AIRCRAFT IN FLIGHT.

CURRENY AT GROUND END, SUCH AS MIGHT TERMINATE ON TRANSMISSION LINE.

-
25000 30000
MICROSECONDS

T "k . k T
000 10000 15000 20000

Figure 2L(b). Current-time curves for the ground and cloud ends of the
discharge channel, based on photographs of ""successive"
lightning recorded by Schonland,

[+] 5
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lightning stroke

~Streamer induced by
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T to form path to aircraft
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Streamers produced over entire aircraft
y by stroke potential
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Stroke continues past aircraft to distant
E \ charge region or ground

Figure 24(c ) Mechanism of lightning stroke approach to aircraft illustrating
streamer formation at high gradient points or extremities of

aircraft.
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Figure 25. Induced streamers off aircraft extremities illustrated by high
impulse potential applied to model aircraft.
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Figure 26. Gradients of different stages of lightning discharge through

aircraft.
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Figure 27. Electric field plots about several vent types. Closest line
spacing near vent edge indicates maximum electrical gradient
or lowest streamer discharge threshold for a given aircraft
potential.
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Current waveform and photograph of single streamer
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oscillograph V/
{ /
: / //
High voltage
impulse generator 1 /
" /
Figure 28 . Test arrangement for simulated vent tube streamer

measurements.
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Figure iog32 . Comparison of streamering on metal vent tube with and
without gradient ring.

Open gradient ring added
S

Sl
\

High voltage

electrode
~
S
Vent tube
S / High voltage
’ lectrode
— €
—
/
P
EamN

Figure 30(b). Illustration of the use of a gradient shielding ring for
removing streamering from immediate vicinity of
vent outlet,



Figure 29(Db). Illustration of streamering off metal vent (left) and
plastic vent (right, partially obscured by streamer

off front H. V., electrode).

C

\ 2,000, 000 volts crest

-/

Metal Plastic
vent vent

!

High voltage r
electrode D*— Camers

Test area

High voltage
generator

Figure 29§a2. Test arrangement for photographic recording of streamer
discharges off simulated metal and plastic fuel vents.

121




Figure 31(a). Tubular construction.

L'ightning Baffles to block
discharge spark showers
to vent

Figure 31.

outlet

Fuel vapor
flow

/[ /]

Figure 31(b). Baffle construction

Fuel vent outlet configurations for reducing flame
propagation and spark showers.
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Lightning diverter rods
divert strokes away
from vent

%

Figure 32. Illustration of diverting lightning discharges from a direct
stroke to a fuel vent by application of lightning diverter rods.
Diverter distances from fuel vents are still under study and
should be as far as possible pending results from planned
continuation of direct measurements on triggered natural
lightning pressure waves.
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Figure 33(b).Blast pressure wave.
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Figure 33. Test arrangement and oscillograms of arc current and associated
blast wave.
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Pressure wave at 12 inches

4 psi/ division

Pressure wave at 48 inches

1 psi/ division

10 microseconds/div.

Figure 3k, Blast wave front detail showing rise time of approximately
10 microseconds.
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Figure 35. Blast pressure waves recorded for distance to 15 feet.
T Arc triggered by 0. 008 inch stainless steel wire. Energy -

100 joule/cm. arc length.
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Figure 36.
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0. 008 inch steel wire. Energy 100 joules/cm of arc length.
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Figure 37. Blast waves from open air arc. 5000 amperes crest -
6 joules/cm of arc length,
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Shock front on Schleiren
mirror
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Recording camera -
individual discharges
for each photograph
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voltage

Camera shutter control /

Figure 38. Test arrangement for Schleiren Measurements of shock front
velocity.
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Figure 39{(a).

660 psec
10.2"

765 psec
11.9"

865 usec
13.1"

H
Calibr.

Schleiren photographs of shock wave movement away
from arc. Discharge current 5000 amperes crest,
6 joule/cm of arc length. Diagonal line is caused by

a scratched mirror, double shock front by reflections
near arc.
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Figure 39(b). Schleiren photograph of shock wave passing blast gage
transducer element.
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Figure 39(c)Graph of wave distance vs. time for piezo blast gage and
Schleiren studies showing good correspondence between
two sets of measurements.
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for blast waves from discharge energies of one to one hun-

dred joules; strong shock calculations shown on left, some
measured waves on right,
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Figure 43. Theoretical curves of strong shock velocities with transitory
to measured sonic waves.
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Figure 45. Rocket launching platform on stern of ship equipped with
lightning current measuring shunt and blast pressure gages.
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Figure 46(a). Blast wave recorded from natural lightning
discharge at 40 feet (upper trace) and 9 feet
(lower trace).
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Figure 46(b). Current flow during natural lightning strike.

Figure 46. Natural lightning current oscillograms triggered
by rocket supported wires.
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Figure 47(a). Blast wave recorded from laboratory lightning
discharge at 40 feet (upper trace) and 9 feet
(lower trace).
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Figure 47(b). Current wave for artificial lightning discharge.

Figure L7, oOscillograms of laboratory high current discharges.

1




10

T
Cylindrical
wave (1/r) N

‘ \ .
X \ Spherlacal wave
~ (l//r ) |

= Ny Nd Laboratory measurements
\ 160 joule/cm arc length -e

\

X A |
N AN JA ]
N N \\‘f Natural lightning pressure
< N\ measurements extrapolated —

S \ back 1 foot as cylindrical

~ \ (1/r) wave =o-

]

Artificial discharge on \\Q/
0.1 }— schooner (Figure 16) AN
[~ extrapolated back to N \

6 feet (arc length) as P o
L . 2

spherical wave (1/r“),to N
one foot as cylindrical wave (1/r) §

-l

"~

Pressure - P.S.I.

. 01

1 2 4 6 8 10 20 40 60 80 100

Distance - feet

Figure 48, Pressures recorded from natural and artificial lightning
discharge.

1k2



Blast probe in tube -
no screen.
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Figure 49. Blast pressure waves measured with and without
flame arrester screens.
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Fig. 50.
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Fig. 51, - Paschen Diagram for 5% Propane-Air Mixture Measured
With 8.8 Millimeter Gap.

145



20

=
\J1

Millimeters

nce
=i
(@]

N

Quenching Dista

SO

T T \“@)

0] 2 o .0 R

Absolute Pressure - Atmosphere

Fig. 52, - Quenching Distance for Parallel Plates, at

146

Reduced Absolute Pressure, and 5% Propane-Air
Mixture. Geometry Factor = 1.0
Ref.: B. Lewis and G. von Elbe, “Combustion,

Flames, and Explosions"”.
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Figure 53.

Ignition and Quenching Apparatus
at Dynamic Science Corporation.

Used in Test Program
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Fig. 54(a). - Discharge Energy is .081 Joule

Figure 54.- Comparison of Discharges in Air at An Absolute Pressure
of 500 Millimeters of Mercury for Three Discharge Energles.
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Fig. 54(b). - Discharge Energy is .504 Joule
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Fig. Shk(c). - Discharge Energy is 364 Joules
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Figure 55. - Spark Volume in 5% Propane-Air Mixture for Various
Discharge Energies at Several Pressures.
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Figure 56. - Spark Volume in Helium and Air for Various

Discharge Energies at Several Pressures.



i = r | =
T T
— , il : ) L —
Legend T B ; NEAN _
I P : ‘ /
: | ! b ,
10° ©.32 cm. dia. tube L f /A'
0J.48 em. dia. tube — ; ’ -+
I A " B | | ~
.19 cm: dlé.‘tyre | ,f?’FV — )
3 | /////// <”
g | | B /lﬁ ,
"0'; o / ’ Q !
A X H )
-p [}
g / -
8 / /[
o 1 | =7 ,
o ,4/' /B Pt
o] o
8 T e— - 7’1 > ‘
- P -
! / ‘/(‘ |
% /” | /
'6‘ /. /._@
= |
——"”
@//
.1
.1 1 10 100 1000

Discharge Energy - Joules

Fig.57. - Plasma Volume in a 5% Propane-Air Mixture with 0.20 cm. diameter
Electrodes for Various Discharge Energies.
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Fig.59. - Plasma Volume in Nitrogen with a 0.20 Diameter Electrode for
Various Discharge Energies.
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Fig.60. - Plasma Volume in Nitrogen with 0.40 cm. Diameter Electrode
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Fig. 61. - Plasma Length in a 5% Propane-Air Mixture with 0.40 cm.
Diameter Electrodes for Various Discharge Energies.
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Fig. 62, - Plasma Length in a 5% Propane-Air Mixture With 0.20 cm.
Diemeter Electrodes for Various Discharge Energies.
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Fig.65. - Relative plasmalength For Various Gas Velocities
and Two Discharge Energies.
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Fig. 66(a). - Discharge Energy is 16 Joules in an air environment.

Figure 66. - Comparison of Discharges in Air and 5% Propane-Air
Mixture at 16 and 80 Joules. Gas flow is 100 meters/second.
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Fig. 66(b). - Discharge Energy is 16 Joules in a 5%
Propane-Air Mixture.
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Fig. 66(c). - Discharge Energy is 80 Joules
in an Air Environment.
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Fig. 66(d). - Discharge Energy is 80 Joules in a 5%
Propane-Air Mixture.
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Fig. 67(a). - Flow Velocity is 10 meters per second.

Figure 67. -

Comparison of Discharge at Two Velocities for 5%
Propane-Air Mixture and a Discharge Energy of 16

Joules.
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Fig. 67(b). - Flow Velocity is 20 meters per second.
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Figure 68. -

Fig. 68(a). - No Tube on ILeft of Electrode Holder

Effect of Tube Length on Plasma Characteristics
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Fig. 68(b). - A 50 cm. Tube to the Left
of Electrode Holder.
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Fig. 68(c).

- A 30 em. Tube to the Left
of Electrode Holder.
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Figure 69.

Expansion of a Plasma Produced in Air
Into a Large Volume.
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Test installation used for electrostatic discharge test with effluent
vented vapor from a flush vent exit. Testing performed at Lightning &
Iransients Research Institute, at iinneapolis, Minnesota.

Vent Exit
Pitot Tube ’ T\— Electrostatic Equipment

lower

Vent Tube

Exhaust

P Fan

Camera(s)

L Thermocouples
“ _@-— Oscilloscope

Fire extinguisher
Rotameter (Typ)

Flow Control Valve (Typ)
& 4 /——Solenoid Valve (Typ)

£ Charcoal | Air
N\ Filter Uryer

Rotameter Inlet Pressure (Typ)

Propane Airspeed Indicator
Water Bath

Bottled Air

Figure 70. - Schematic - Test Installation at Lightning & Transients
Research Institute.
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